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CHAPTER  1 
INTRODUCTION 


lentatlon 


were  recognized  as  early  as  1956  when  Ockleston  [5J  tested  a 
three-story  reinforced  concrete  building  in  South  Africa, 


and  found  that  the  collapse  loads  were  three  or  four  times 
the  capacity  predicted  by  yield  line  theory.  In  1962  Guyon 
[6]  suggested  the  consideration  of  arching  action  in 


capable  of  talcing  considerably  more  load  than  that 
predicted  by  flexural  models. 

University,  Kingston,  Ontario  using  one  eighth  scale  models 
[7]  which  showed  a large  reserve  of  strength  under  static 
and  fatigue  loadings.  On  the  basis  of  ultimate  strength 
requirements  along  with  shrinkage  and  thermal  stress 
requirements,  0.2  percent  isotropic  reinforcement,  top  and 


increase  in  the  capacity  against  failv 
presence  of  boundary  restraint. 

Highway  Bridge  Design  Code, 


nple 


(OHBDC)  [9]  adopts 


empirical  design  approach  for  bridge  decks,  allowing  0.3* 
isotropic  reinforcement  top  and  bottom  in  both  directions. 
At  first  0.2*  was  recommended,  but  for  better  crack  control 
for  live  loads,  shrinkage  and  temperature  a ratio  of  0.3% 
was  adopted.  To  use  this  low  steel  ratio,  certain 
requirements  relative  to  slab  thickness,  transverse  span  to 
thickness  ratio,  transverse  span,  diaphragms,  overhangs, 
and  other  parameters  had  to  be  met. 

The  convenience  in  construction  of  such  decks,  the 
savings  in  the  amount  of  reinforcement  required  (from  one 
fourth  to  one  half  the  quantity  of  reinforcement  in  typical 
bridge  decks)  along  with  the  improvement  in  the  durability 
of  exposed  concrete  decks  associated  with  the  better 
control  of  cracking  using  smaller  bar  sizes,  have  attracted 
the  attention  of  researchers  in  the  United  States. 

However,  there  are  several  differences  between  Canadian  and 
U.S.  practice  in  bridge  construction,  which  have  motivated 
several  states  on  the  U.S.  to  do  more  research  related  to 
Punching  Shear. 

The  need  to  determine  the  influence  of  heavily  loaded, 
closely  spaced  wheels  and  axles  on  reinforced  concrete 
bridge  decks  prompted  the  Hew  Xork  State  Department  of 
Transportation  to  initiate  an  analytical  study  of  bridge 
deck  behavior  in  1977.  During  the  course  of  the  research, 
more  evidence  became  available  that  the  failure  mode  of 
reinforced  concrete  bridge  decks  was  punching  shear  and  not 
flexure [10].  Because  of  this  evidence  they  decided  to 


could  p 


to  failure  in  each  case.  For  the  cast  in  place  deck 
subjected  to  a single  point  load,  the  slab  failed  at  142 
kips,  and  for  the  double  point  load  the  slab  failed  at  204 
kips.  For  the  panel  deck  the  corresponding  failure  loads 

Finally,  additional  tests  were  made  on  a skewed  slab 
specimen,  which  performed  well  under  monotonic  loading,  to 
failure.  The  Texas  researchers  showed  that  the  beneficial 
effect  of  lateral  confinement  exists  even  prior  to  cracking 
of  the  deck  and  the  development  of  yield  lines.  This  is 
important,  because  it  shows  that  stresses  in  the  steel, 
even  at  service  load  levels,  may  be  substantially  less  than 
that  given  by  AASHTO  criteria. 

The  Texas  test  are  very  encouraging.  However,  they 
only  involved  one  ratio  of  transverse  span  to  thickness 
for  the  slab  (11.2) . The  OHBDC  allows  the  simplified 
isotropic  design  for  transverse  span  to  thickness  ratios  as 
high  as  IS.  Also,  the  Texas  research,  like  the  Ontario 
research,  did  not  involve  tests  in  the  overhanging  areas  of 

In  1987  the  Case  Western  University  [13]  performed  a 
study  involving  a series  of  direct  model  tests  (1/3  and 
1/6.6  scale)  under  static,  fixed  pulsating  and  moving 
wheel-loads.  The  object  was  to  study  the  effect  of  deck 
continuity  and  reinforcing  pattern  on  the  ultimate  and 
fatigue  strength  of  concrete  bridge  deck  slabs  supported  on 
steel  girders. 


cracking  conditic 


failv 


load. 


all  specimens  occurred  with  the  load  punching  through  the 
slab.  The  results  showed  that  the  punching  shear  strength 
increases  and  the  ductility  decreases  as  the  inplane 
boundary  restraint  is  increased,  with  resultant  reduction 


1.3  Research  Objectives  and  Scope 
It  would  certainly  be  desirable  to  use  the  Ontario 
Code  in  the  USA.  There  are,  however,  certain  differences 
in  construction  practice  between  u.S.  and  Canada  that  make 
it  necessary  to  perform  some  research  studies  beyond  those 
described  above,  before  this  design  approach  can  be  applied 


with  confidence. 


additional  impetus  for  further  testing.  The  items  that 


1)  The  common  practice  in  many  states  is  to  use 
typical  thicknesses  below  the  Ontario  minimum  of  8.85 


bridge  decks  in  Florida  and  other  states  of  U.S.  and  the 
flanges  of  these  girders  are  quite  wide  and  tapered  in 


clarififi 


alativ 


bridge  decks 


girders. 


confinement  in  overhangs  and  therefore  arching  would  be 
slight,  some  tests  are  warranted,  especially  considering 
the  edge  stiffening  effects  of  the  parapets  normally  used 
at  slab  edges. 

4)  The  use  of  larger  spans  with  span  to  thicknesses 
ratios  beyond  the  Ontario  limit  of  15  could  imply  savings 
in  the  use  of  longitudinal  girders,  but  it  might  also  cause 
more  deterioration  due  to  fatigue  effects,  and  cracking  may 
be  aggravated. 


scale  models  of  concrete  bridge  decks  were  performed  at  the 
University  of  Florida  laboratory  using  o.3»  isotropic 
reinforcement  following  the  Ontario  empirical  design 


failure.  Additionally  one  specimen  was  cast  c 
size  bulb-tee  girders,  as  recently  adopted  in 
was  tested  statically.  The  purpose  of  these  te 
understand  better  the  behavior  of  bridge  decks 


Florida,  and 


acidified  by 


an  impact  factor,  X, 
This  impact  factor 


11 


I«[50/ (L+125J ] i 


directly  from  this  result.  In  order  to  provide  reinforcing 
steel  in  the  longitudinal  direction  the  AASHTO 
specification  requires  a ratio  of  positive  moment  steel  in 
the  longitudinal  direction  equal  to  220/,/S  times  the  ratio 


the 


and  shrinkage,  reinforcing  bars  are  required  in  the  top  of 
the  slab,  parallel  to  the  traffic.  The  minimum  specified 
is  1/8  in.  of  reinforcement  per  foot  of  slab  with  an  18-in. 
maximum  spacing. 


The  minimum  thickness  is  calculated  as  (S+10J/30  and 
is  amplified  by  10%  for  single  spans. 

Since  spalling  of  concrete  decks  has  become  a serious 
maintenance  problem,  the  minimum  cover  required  is  2 in.  to 


help  prevent  moisture  from  penetrating  to  the  reinforcing 
steel. 


1.^5  Summary  of  Empirical  Method 


Ttarlo  Highway 


also  be  used  at  girder  supports.  For  concrete 
diaphragms  are  required  only  at  supports. 

When  the  empirical  method  is  not  applicable,  ultimate 
resistance  should  be  determined  from  yield  line  methods 
rather  than  elastic  analyses.  However,  designs  based  on 
this  method  may  lead  to  cracking  which  may  be  unacceptable 
at  serviceability  limit  states,  so  in  order  to  calculate 
the  stress  resultants  in  a slab,  elastic  methods  of 
analysis,  such  as  those  due  to  Westergaard  [15],  may  also 
be  used.  Refined  elastic  methods  referred  to  in  Section  3 

they  take  into  consideration  in-plane  stresses  in  the 
system.  Alternatively,  empirical  equations  for  the 
effective  widths  of  slabs,  as  specified  in  the  Canadian 
Standards  Association  and  AASHTO  Specifications,  may  be 
used.  However,  this  approach  is  conservative  and  results 
in  unnecessarily  high  reinforcement,  especially  in  typical 
bridge  deck  slabs  in  which  arching  effects  are  pronounced. 
Thus,  a method  incorporating  considerations  of  arching 
effects 


[16]  is  prefe 


CHAPTER  2 

TEST  PROGRAM  FOR  SPECIMENS  ON  STEEL  GIRDERS 
£U_Sj;e  and  Scale  Factors  of  Test  Specimen-: 


The 
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wheel  pads.  A W8x31  section  spanned  between  the  two  lower 
steel  sections  and  was  loaded  by  the  vertical  hydraulic 
ran.  Additional  plates  were  welded  on  the  bean  to  prevent 
local  buckling  of  the  test  rig.  The  ran  bore  against  a 
longitudinal  bean  that  spanned  between  two  lateral  franes. 

One  hydraulic  ram  of  100  kips  capacity  was  used  to 
apply  the  load.  A load  cell  connected  to  a voltneter  was 

was  calibrated  using  the  laboratory's  400  kip  Universal 
loading  machine. 

All  specimens  were  instrumented  with  differential 
transformers  (LVDTs)  and  electrical  strain  gages.  The 
voltage  readings  of  the  LVDTs  and  strain  gages  were 
obtained  using  a HP  3497A  data  acquisition  control  unit  and 
was  then  transferred  to  a HP  9825A  conputer  using  the  HP-IB 
interface  and  finally  transferred  later  to  a PC  conputer 
for  further  evaluation. 

A total  of  15  LVDTs  arranged  on  a pattern  so  as  to 
define  a deflection  basin  were  used  to  measure  vertical 
deflections.  All  LVDTs  were  supported  on  wooden  support 
beans  for  the  first  specinen  and  on  aluminum  support  beams 
for  the  remaining  tests.  Appendix  A shows  the  location  of 
the  LVDTs  for  all  tests,  and  Appendix  B gives  complete 
load-deflection  plots  for  all  tests.  Appendix  H gives  the 
deflection  basin  corresponding  to  the  maximum  load  applied. 

Electrical  resistance  strain  gages  were  used  at 
various  locations  on  the  tests,  including  the  top  and 


bottom  surfaces 


longitudinal  girders  and  on  the  bracing.  Two-inch  gage 
lengths  with  high  endurance  leadwires  were  used  on  the 


used  on  the  steel  angle  braces.  Appendix  C gives  the 
locations  of  the  strain  gages  for  the  various  tests,  and 


BEHAVIOR 


GIRDERS  SUBJECTED 


CHAPTER  3 

F TEST  SPECIMENS  ON  STEEL 
STATIC  LOADING 


The  general  load-deflection  respon 


curve  is  labeled  T-i  where  i represents  the  test  number. 

Table  3.1  shows  the  maximum  load  attained  during  each 
test,  the  load  at  which  a flexural  yield  pattern  was  well 
developed  in  the  deck  (yield  load) , and  the  maximum 
deflection  during  each  test,  along  with  the  above  results 
converted  to  full  scale.  Full-scale  loads  and  deflections 
were  obtained  by  multiplying  the  test  values  by  the  scale 
factor  and  the  square  of  the  scale  factor  for  deflection 
and  load  values,  respectively.  The  scale  factors  used  we 
those  shown  in  Figure  2.1.  Appendix  H shows  the  deflecti 
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Summary  of  Maximum  Loads 


Deflections 


Most  of  the 
However,  seven  o 


o complete  failure. 


stopped  prior  to  failure.  All  of  these  except  one  were 
stopped  due  to  limitations  of  the  test  set-up.  The  one 
exception  was  test  T-2  on  specimen  3,  which  was  stopped 
because  of  the  development  of  a negative  moment  yield  line 
over  the  full  length  of  the  specimen.  It  was  felt  that  to 
continue  this  test  would  make  further  testing  anywhere  on 
that  side  of  the  specimen  completely  unrepresentative  of  an 
actual  undamaged  deck.  Note,  however,  that  for  all  of  the 
above  seven  tests  the  maximum  loads  raised  to  full  scale 
were  well  beyond  any  reasonable  highway  loading. 


3.2  Interior  tests 

This  section  describes  the  behavior  of  the  specimen 
during  the  interior  tests.  Comparison  of  the  maximum  loads 
and  the  loads  at  which  a flexural  yield  pattern  was  well 
developed  in  the  deck  in  Table  3.1  indicate  the  reserve 
strength  of  the  deck  relative  to  the  load  associated  with 
the  flexural  yield  mechanism.  The  reserve  strength  beyond 
yielding  was  certainly  considerable,  even  though  the 
transverse  span  to  thickness  ratio  was  as  high  as  22,  as 
opposed  to  the  maximum  of  15  in  the  Ontario  Code.  In-plane 
forces  were  developed  in  the  slab  which  certainly  increased 
the  punching  shear  capacity  of  the  slab  but  did  not  seem  to 
significantly  affect  the  response  of  the  beams  and  bracing, 
as  was  reflected  in  the  stress  calculations  of  in-plane 
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SECOND  BRIDGE  (TEST  No  1) 


FIRST  BRIDGE  (TEST  No  4) 


SECOND  BRIDGE  (TEST  No  6) 


reached  65  to  70%  of  the  ultimate  load  the  crack  width  on 
top  of  the  bridge  became  significant  (almost  0.01".)-  The 
mode  of  failure  for  all  interior  tests  was  clearly 
punching.  For  specimen  1,  in  places  where  a single  wheel 
load  was  applied  the  punching  area  was  considerable  less 
than  the  entire  width  of  the  panel  between  girders,  with  a 
circular  pattern  of  cracks  on  the  top  and  a radial  pattern 
on  the  bottom  of  the  slab.  For  specimen  2,  with  four-point 
loading,  there  was  some  tendency  for  the  pattern  to  not  be 
as  circular  and  to  involve  rather  an  elliptical  pattern, 
perhaps  reflecting  the  proximity  of  the  load  plates  to  the 
steel  girders.  For  specimen  3,  with  its  greater  span 
between  girders,  the  yield  lines  closely  followed  a 
circular  pattern,  and  the  cracks  involved  the  entire  width 
of  the  panel  between  girders  and  an  approximately  equal 
distance  along  the  length  of  the  slab.  The  number  of 

slabs,  in  that  there  was  a broad  band  of  relatively  small 

The  basic  ductility  inherent  in  the  failure  mechanism 
for  all  interior  tests  was  apparent  in  the  nonlinearity  of 
the  load  deflection  relations  and  the  large  magnitude  of 
the  deflections,  shown  in  Figures  3.1,  3.2  and  3.3. 

The  punching  shear  failure  for  thinner  slabs,  such  as 
the  specimens  tested,  tended  to  be  more  plastic  rather 
than  brittle,  and  this  is  evidenced  by  the  fact  that  the 


FIRST  BRIDGE  (TEST  No  4) 


(sdix)  oven 


SECOND  BRIDGE  (TEST  No  3) 


45 


(SdIX) 


THIRD  BRIDGE  (TEST  No  3) 


46 


(sdix)  avoi 


on  interior  spans  at  1/6  of  the  total  bridge  length.  Only 
one  yield  pattern  was  observed  because  the  length  of  the 
overhang  caused  the  two  interior  wheels  of  the  tandem  load 
to  be  extremely  close  to  the  flange  of  the  exterior  girder. 

The  yield  lines  on  the  corner,  followed  a quarter  of 
an  ellipse.  For  specimen  1,  the  failure  load  was  only  19.5 
kips,  approximately  half  of  the  load  attained  in  the 
midspan  edge.  For  specimen  2,  the  corner  had  failed  only 
after  the  load  level  was  58  kips,  and  this  increase  in 
capacity  was  because  of  the  location  of  the  tandem  load,  as 
only  two  of  the  four  wheels  were  located  at  the  corner, 
with  the  other  two  wheels  being  located  on  the  interior 
span,  adjacent  to  the  exterior  girder.  This  manifested 
itself  in  an  additional  semi-elliptical  yield  pattern  in 
the  interior  span  adjacent  to  the  girder,  which  happened 
to  be  the  region  where  the  slab  failed.  For  specimen  3, 
the  corner  had  failed  at  30  kips.  Only  one  yield  pattern 
was  observed  because  the  length  of  the  overhang  caused  the 
two  interior  wheels  of  the  tandem  load  to  be  extremely 
close  to  the  flange  of  the  exterior  girder. 


3.4  Parapet  within-Span  and  Corner  Tests 
This  section  discusses  the  behavior  of  the  test 
side  of  the  bridge  with  the  parapet,  either  within  t 
or  at  the  corners.  Considering  the  behavior  of  the 
edge,  the  reserve  capacity  of  the  parapet  edge  is  no 
surprising.  A 


major  aspect 


results 


interaction  of  the  parapet  with  the 
illustrated  by  load-deflection  stiffnesses,  which  for  both 
specimens  were  highest  for  the  parapet  edge  tests,  by  the 
fact  that  for  specimen  1 all  three  parapet  edge  tests 
involved  the  formation  of  wide  inclined  cracks  over  the 
entire  height  of  the  parapet,  that  failure  was  not  attained 
for  either  specimen  one  or  two  at  midspan,  even  though 
comparable  interior  tests  failed  at  loads  lower  or  not  much 
higher  than  the  maximum  applied,  and  from  the  observation 
in  specimen  2 that  failure  during  the  corner  test  occurred 
only  when  the  deck  vertically  separated  from  the  parapet. 
Furthermore  the  strength  and  stiffness  of  this  region  was 
illustrated  by  the  fact  that  cracks  over  the  entire  height 
of  the  parapet,  occurred  after  the  load  exceeded 
approximately  70t  of  the  maximum  load. 

However,  the  development  of  a negative  moment  yield 
line  over  the  full  length  of  the  specimen,  for  test  T-2  on 
specimen  3,  points  out  that  some  considerations  of  yield 
line  theory  should  be  given  for  the  overhang  condition. 

From  all  tests  it  was  clear  that  the  yield  line 
mechanism  for  parapet  edge  followed  a line  parallel  to  the 
parapet  and  directly  above  the  center  of  the  exterior  beam. 
The  fact  that  the  first  specimen  perform  relatively  well  in 
comparison  with  the  second  and  third  specimen  was 
apparently  related  to  the  presence  of  additional  transverse 
steel  in  the  overhanging  portion  of  the  first  specimen. 

For  the  second  specimen,  the  test  adjacent  to  the  parapet 


did  not  produce  any  new  yield  lines.  Rather  the  yield 
lines  caused  by  previous  tests  in  the  adjacent  interior 
span  were  enhanced.  This  was  apparently  related  to  the 
reduced  overhang  relative  to  the  first  specimen,  causing 
the  location  of  the  two  interior  wheels  to  be  well  into  the 
interior  span  and  the  two  exterior  wheels  to  be  on  the 
overhang,  but  very  close  to  the  exterior  girder. 


The  AASHTO  axle  load  for  a single  axle  with  dual 
wheels  is  32  kips,  implying  16  kips  on  each  dual  tire 
pattern.  Using  an  impact  factor  of  0.3,  and  a load  factor 
of  2.2  implies  a required  ultimate  wheel  load  of  59  kips. 
This  is  less  than  the  maximum  load  (converted  to  full 
scale)  for  any  of  the  single  imprint  tests,  less  than  one 
half  the  load  for  any  of  the  dual  imprint  tests,  and  less 
than  one  fourth  the  load  for  any  of  the  four  imprint 
(tandem)  tests,  with  only  four  exceptions.  All  four  of  the 
exceptions  occurred  for  the  tandem  loadings.  And,  as 
discussed  subsequently,  the  assumption  of  two  AASHTO  axle 
loads  in  a single  tandem  is  very  conservative.  Also,  none 
of  the  exceptions  occurred  in  the  interior  test;  not  even 
for  the  maximum  S/T  ratio  of  22  (Figure  2.1). 

One  of  the  exceptions  occurred  in  the  free  edge  test 
for  specimen  2,  and  for  this  test  the  maximum  load  recorded 
was  not  based  on  a slab  failure.  Also,  it  should  be  noted 


corresponding 


for  specimen  3,  with  a larger 


B/T  ratio  carried  a full  scale  tandem  load  of  306  kips 
implying  a wheel  load  of  76  kips,  well  above  59  kips.  The 
other  three  exceptions  were  in  the  overhangs  for  specimen 
S3  with  the  very  high  A/T  and  B/T  ratios  (Figure  2.1). 

Evaluating  the  results  in  the  above  manner  is  very 
conservative,  as  it  is  unlikely  for  a tandem  assembly  to 
reach  the  individual  design  loads  for  a single  axle.  The 
results  could  be  evaluated  in  a somewhat  different  manner 
based  on  the  heaviest  commercial  axle,  which  is  rated  at  23 
kips.  Applying  a safety  factor  of  2.5  results  in  an 
ultimate  axle  load  of  57.5  kips,  which  translates  into 
28.75  kips  on  one  dual  tire  formation,  57.5  kips  on  two 
dual  tire  formations,  and  115  kips  total  on  an  entire 
tandem  assembly.  All  of  the  full  scale  maximum  applied 
loads  in  Table  3.1  exceed  these  levels  by  a considerable 
margin,  even  those  for  the  overhangs  of  specimen  number 
three.  Clearly  the  isotropically  reinforced  slabs  have  a 
tremendous  reserve  load  capacity  compared  to  typical 
highway  vehicle  loads. 


CHAPTER  4 

BEHAVIOR  OF  TEST  SPECIMENS  ON  STEEL  GIRDERS  SUBJECTED  TO 
DYNAMIC  LOADING 

4.1  General 

A specimen  identical  to  the  second  specimen  was  tested 
under  repeated  loading,  meant  to  asses  the  durability  of 
the  isotropically  reinforced  slabs  under  cyclic  fatigue 

to  create  a cracked  condition  in  the  specimen  at  that 
location,  it  being  deemed  not  realistic  to  test  an 
uncracked  specimen  for  durability. 

Five  million  cycles  of  fatigue  loading,  following  a 

tests,  the  load  applied  was  a four  point  loading 
representing  a tandem  assembly.  At  the  completion  of 
fatigue  testing  for  all  locations,  each  location  was  loaded 
statically  to  failure  in  succession. 


During  the  lifetime  of  the  bridge,  bridge  decks  will 
be  subjected  to  a mix  of  traffic  truck  weights  and  the 
expected  number  of  stress  cycles  in  most  bridges  will  be 
between  10  million  and  150  million  cycles.  Therefore  in 
testing,  it  could  be  impractical  to  apply  a typical  number 
of  cycles  to  a bridge  (100  million  cycles)  because  of  the 
amount  of  time  required.  Also  it  would  be  desirable  to  be 
able  to  apply  one  load  instead  of  a mix  or  random  loads. 

The  effective  weight  for  a given  traffic  to  represent 
a mix  of  traffic  truck  weights  can  be  selected  so  that  the 
fatigue  damage  caused  by  a given  number  of  passages  of  a 
truck  of  this  weight  is  the  same  as  the  fatigue  damage 
caused  by  an  equal  number  of  passages  of  trucks  of 
different  weights  in  the  actual  traffic.  Therefore  an 
effective  gross  truck  weight  W,  based  on  Miner's  Law  and 
developed  from  extensive  fatigue  tests  can  be  expressed  as: 

W-(EfiWi3)0.333  (1) 

where  ff  is  the  fraction  of  gross  weights  within  interval  i 
and  Mi  is  the  weight  corresponding  to  the  midwidth  of 
interval  i.  Using  this  procedure  the  basic  weight  of  the 
fatigue  truck  was  found  for  typical  traffic  patterns  in 
ref. [19]  to  be  54  kips.  This  actual  truck  traffic  spectrum 
was  determined  from  recent  weight-in-motion  studies  that 


included  30  sites  nationwide  and  over  27,000  observed 
trucks  [19] . 

In  order  to  transform  this  truck  weight  to  the  load  on 
a tandem  assembly  it  is  necessary  to  multiply  the  total 
effective  weight  by  the  recommended  AASHTO  factor  for 
weight  distribution  within  the  design  truck.  Consequently 
the  load  to  use  will  be  21.6  Kips  (54*0.4). 

For  typical  vehicles  with  a speed  of  60  mph  going 
through  a bridge  of  approximately  100  ft.  the  transit  time 
(1  cycle)  will  be  0.01894  minutes,  representing  a frequency 
of  almost  1 Hz.  Furthermore  it  was  found  that  a rate  of 
testing  between  1 and  7 Hz.  has  little  or  no  effect  on  the 
fatigue  strength  of  plain  concrete  [20] . Consequently  the 
frequency  of  loading  selected  was  approximately  7 Hz, 
considering  that  such  a rate  would  enable  a reasonable 
number  of  cycles  to  be  applied  in  a reasonable  time,  yet 
still  induce  response  similar  to  that  occurring  in  the 
field.  Applying  7 Hz.  for  100  million  cycles  would  require 
approximately  165  days  of  continuous  testing,  which  is 
unreasonable.  Therefore  a reduction  in  the  number  of 
cycles  was  still  needed. 

Several  studies  have  demonstrated  that  the  variation  of 
fatigue  life  (Yf)  in  years  (Power  Law)  with  load  can  be 
expressed  as: 

Yf-  fKxlo6/(TaC[RsSr]3)  (4.2) 

in  which  Ta  is  the  estimated  lifetime  average  daily  truck 


volume,  C is  the  cycles  per  truck  passage,  a is  the  age  of 
the  bridge  in  years,  sr  is  the  Stress  and  Rs  is  the  factor 
on  stress,  and  f and  K are  factors,  based  on  allowable 
fatigue  stresses  proposed  in  studies  at  I^high  University 
[21]  and  adopted  by  AASHT0[2]. 

Assuming  that  during  its  lifetime  the  bridge  is 
subjected  to  100  million  cycles  of  the  21.6  kip  tandem 
assembly  load  described  previously,  it  is  possible  to  use 
Equation  6.2  to  compute  the  load  which  could  be  assumed  to 
create  the  same  level  of  damage  in  5 million  cycles. 

It  should  be  noted  that  even  though  some  studies  [13], 
have  demonstrated  that  a given  number  of  repetitions  of 
moving  wheel-loads  could  cause  more  damage  to  the  slab  than 
the  same  number  of  fixed  pulsating  repetitions,  the  maximum 
number  of  cycles  selected  was  in  accordance  with  AASHTO 
recommendations . 

Assuming  a particular  cycling  frequency,  Yj  is 
directly  proportional  to  the  number  of  cycles  applied. 
Therefore 

"Test  fKXlOV(TaC[RsSTest]3)  (4.3) 

"Field  fKxlO«/(TaC[RsSField]3) 

The  objective  is: 

"Test  5 
"Field  100 

Hence,  from  Equation  4.3: 

_5  ^ l/S3Test  _ l/p3Test  (4 .4) 
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using  Pyieid-21.6  Kips,  the 
will  be  58.6  Kips  in  full  scale,  which  translated  to  the 
model,  using  a scale  factor  of  2.16  is  equivalent  to  a load 
of  approximately  13  Kips.  Also  considered  were  the  results 
of  the  static  tests,  it  being  desired  that  the  deck  remain 
below  its  yield  load  during  dynamic  testing,  as  gross 
nonlinearity  probably  render  Miner's  Law  and  the  Power  Law 

Before  applying  the  dynamic  load,  a static  load  of 
approximately  20  kips  was  applied  to  assure  that  the  bridge 
was  in  a cracked  condition,  representing  previously  applied 
loads,  when  dynamic  testing  was  initiated,  it  being 
considered  unrealistic  to  test  an  uncracked  bridge. 

The  positions  of  the  tandem  load  pattern  for  the 
preload  and  for  the  dynamic  loading  are  shown  in  Figure 
4.1.  As  for  previous  specimens,  each  loading  position  will 
be  referred  to  as  a test.  A 50  kip  capacity  MTS  actuator 
under  load  control  was  used  for  the  loading. 

Deflections  from  a total  of  7 LVDTs  and  strains  from 
four  strain  gages,  together  with  the  load  were  recorded. 
Complete  deflection  and  strain  response  histories,  are 
provided  in  Appendix  I for  all  the  test  positions. 

It  was  desired  to  monitor  the  variation  of  particular 
slab  deflections  or  particular  strains  with  the  number  of 
loading  cycles,  so  as  to  identify  any  specimen 
deterioration  with  cycling.  Because  of  the  test  durations 
it  was  both  unnecessary  and  impractical  to  continually 


monitor  deflections  or  strains.  Rather  deflections  or 
strains  were  monitored  for  numerous  intervals  spaced 
throughout  the  duration  of  loading,  with  each  interval 
representing  approximately  7 cycles  of  loading. 

The  variation  of  deflections  for  a typical  interval, 
i,  is  shown  in  Figure  4.2.  A characteristic  peak 
displacement  for  each  interval  was  determined  visually  from 
plots  such  as  those  in  Figure  4.2.  These  peak 
displacements  were  then  plotted  against  the  number  of 
loading  cycles  before  interval  i,  in  plots  such  as  Figure 
4.3.  Least  squares  curve  fitting  was  then  used  to  apply 
polynomial  equations  to  the  variation  of  peak  deflection  or 
strain  with  cycles,  as  in  Figure  4.4.  The  results  are 
shown  for  all  the  eight  tests  in  Figure  4.5,  where  a 
separate  curve  is  provided  for  each  test.  Each  curve  is 
labeled  T-j , where  j represents  the  test  number  whose 
locations  are  shown  in  Figure  4.1. 

Deflections  measured  at  16  kips  during  the  preload  for 
each  test,  as  well  aB  deflections  measured  during  the  early 
stages  of  fatigue  and  deflections  during  the  late  stages  of 
fatigue  loading,  are  listed  in  Table  4.1. 

For  all  test  locations  except  one,  after  completion 
of  the  dynamic  loading,  static  loading  up  to  failure  was 
applied  to  compare  static  test  results  after  dynamic 
loading  to  that  on  an  undamaged  specimen.  The  single 
exception  was  the  free  corner  test,  which  failed  after 
applying  2,100,000  cycles. 
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Table  4.1  Comparison  of  Deflections  for  Specimen  4 
at  Preload,  Early  and  Late  Stages 


A.,3  Preload  and  Dynamic  Loading 


This  section  describes  the  behavior  of  the  specimen 
during  the  interior  tests. 

For  all  of  these  tests,  when  applying  the  preload,  the 
cracks  started  to  develop  in  the  bottom  of  the  slab  at 
approximately  18  kips.  The  dynamic  behavior  for  each  test 
is  discussed  below: 
i:l .1.1  First  tfgt 

This  test  was  located  adjacent  to  the  free  edge,  at 
midspan  as  shown  in  Figure  4.1.  Table  4.1  lists  a 26% 
increment  in  the  maximum  deflection  between  early  and  late 
stages  of  dynamic  loading.  This  was  a gradual  increase  as 
observed  in  Figure  4.5.  New  cracks  started  to  form  on  the 
bottom  of  the  slab  at  about  2,300,000  cycles,  following  a 
radial  pattern,  while  the  cracks  on  the  top  of  the  slab 
appeared  only  after  5 million  cycles.  The  crack  width  under 
the  load  of  16  kips,  reached  a value  of  almost  0.01"  on  the 
bottom  of  the  slab,  as  opposed  to  being  barely  noticeable 
under  the  16  kip  preload,  while  the  width  of  the  crack  on 
top  of  the  slab  was  considerable  less  than  0.01  during 
dynamic  loading,  and  nonexistent  during  the  preload. 


This  test  was  located  adjacent  to  the  parapet,  at 
midspan,  as  shown  in  Figure  4.1.  Referring  to  Table  4.1, 
there  was  a 17%  increase  in  the  maximum  deflection  during 
dynamic  loading.  Again  the  increase  was  gradual  and  tended 


cracks  started 


to  stabilize,  as  shown  in  Figure  4.5.  New 
to  form  on  the  bottom  of  the  slab  at  about  1 million  cycles 
following  a radial  pattern,  while  the  cracks  on  the  top  of 
the  slab  appeared  only  after  5 million  cycles.  The  crack 
width  during  dynamic  testing,  reached  a value  of  0.01"  on 
the  bottom  of  the  slab  while  the  crack  on  top  of  the  slab 
was  considerable  less.  Again  these  widths  represented 
considerable  increase  relative  to  cracking  under  the  static 
preload. 

4. 3. 1.3  Sixth  test 

This  test  was  located  adjacent  to  the  parapet  at  1/6 
of  the  total  bridge  length,  as  shown  in  Figure  4.1.  There 
was  a 40%  increase  in  the  maximum  deflection  of  the  slab 
during  the  dynamic  loading,  which  again  was  gradual  and 
tended  to  stabilize,  as  shown  in  Figure  4.5.  New  cracks 
started  to  form  on  the  bottom  of  the  slab  after  70,000 
cycles  oriented  in  both  longitudinal  and  transverse 
directions.  The  crack  width  during  later  stages  of  dynamic 
loading  was  less  than  0.016"  on  the  bottom  of  the  slab 
while  the  crack  on  top  of  the  slab  was  less  than  0.01". 
Again,  these  represented  increased  widths  relative  to 
preload,  where  only  hairline  cracks  were  observed. 

4. 3 .1.4  Seventh  test 

This  test  was  located  at  1/6  of  the  total  bridge 
length,  closer  to  the  free  overhang  as  shown  in  Figure  4.1. 
As  observed  in  Table  4.1,  the  total  increase  in  maximum 
deflection  during  dynamic  loading  was  as  much  as  as  184%. 


Before  one  million  cycles  had  been  applied,  the  welds 
in  the  bracing  failed,  causing  a sudden  increase  in  the 
maximum  deflection  of  about  54%  as  shown  in  Figure  4.6, 
after  which  there  was  the  more  typical  gradual  increase  in 
the  maximum  deflection.  The  deterioration  in  the  slab 
seemed  to  be  severe,  and  was  reflected  by  the  increase  in 
crack  widths  after  the  welds  in  the  bracing  failed.  After 
these  weld  failures  had  occurred,  crack  widths  of  more  than 
0.032"  at  the  bottom  of  the  slab  were  observed.  The  cracks 
on  the  top  of  the  slab  appeared  at  3 million  cycles  and  the 
crack  width  was  less  than  0.01"  after  5 million  cycles. 

Free  Edge  Withln-Span  and  Corner  Tests 
This  section  describes  the  behavior  of  the  tests  on 
the  side  of  the  bridge  without  the  parapet,  either  within 
the  span  or  at  the  corners. 

For  the  test  on  the  free  edge  within-  span,  when 
applying  the  preload,  no  cracks  were  observed.  In  the  case 
of  the  corner  test  the  cracks  started  to  develop  on  the  top 
of  the  slab  at  approximately  8 kips.  The  yield  lines 
followed  a quarter  ellipse  pattern  after  completion  of  the 
preload.  Again  dynamic  tests  produced  significant 
additional  cracks  and  deflections,  and  the  behavior  is 
discussed  below: 


As  observed  in  Table  4.1,  the  increase  in  deflection 
was  moderate,  being  on  the  order  of  only  13%.  Cracks  were 
developed  on  the  top  of  the  slab  only  after  5 million 


MAXIMUM  DISPLACEMENT-NUMBER  OF  CYCLES 
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cycles  and  had  semi-elliptical  yield  pattern.  The  crack 
width  was  considerably  less  than  0.01".  Ho  cracks  were 
developed  on  the  bottom. 

4.3. 2. 2 Corner  Test 

After  70,000  cycles,  a shear  crack,  with  a width  of 
approximately  0.01"  was  observed  to  extend  over  the 
thickness  of  the  slab,  at  the  end  of  the  span  and  at  the 
edge.  These  were  connected  by  a crack  along  the  top  of  the 
slab.  After  1,300,000  cycles,  the  crack  width,  both  on  the 
top  and  at  the  edges,  was  rapidly  enhanced,  and  after 
1,900,000  cycles  the  crack  width  became  almost  0.125".  The 

slab  failed  after  2,100,000  cycles. 

4.3,3  Parapet  Wjthln-Span  and  Corner  Tests 

This  section  discusses  the  behavior  of  the  tests  on 
the  overhang  of  the  bridge  adjacent  to  the  parapet,  either 
within  the  span  or  at  the  comers. 

For  the  test  within  the  span,  when  applying  the 
preload,  no  cracks  were  developed.  In  the  case  of  the 
comer  test  the  formation  of  cracks  started  at  10  kips. 

The  cracks  followed  a longitudinal  direction  above  the 
center  of  the  steel  beam  and  on  top  of  the  slab,  extending 
through  the  thickness  at  the  end  of  the  slab. 

4, 3, 3-1  Parapet  Within-Span  Test 

There  was  no  observed  deterioration  of  the  slab  at  all 
during  this  dynamic  test,  the  increase  in  the  maximum 
deflection  being  less  than  1%,  and  no  cracks  being 
developed. 


4. 3.3.2  Corner  Test 

As  shown  in  Table  4 . 1 the  increase  in  the  maximum 
deflection  during  the  dynamic  loading  was  significant 
(60%) . After  3 million  cycles,  new  cracks  were  developed 
on  top  of  the  slab  above  the  flange  of  the  steel  beam. 

Also  one  longitudinal  crack,  as  well  as  one  crack  oriented 
approximately  at  45°  between  longitudinal  and  transverse 
direction  were  developed  on  the  bottom  of  the  slab  in  the 
adjacent  interior  span,  and  close  to  the  flange  tip  of  the 
steel  beam.  After  5 million  cycles,  two  new  cracks  had 
developed  on  top  of  the  slab,  one  at  the  end  of  the  slab 
and  close  to  the  parapet  and  another  in  the  adjacent 
interior  span,  following  a semicircular  crack  pattern.  The 
crack  width  during  the  dynamic  testing,  was  maintained 
below  0.01"  on  the  top  of  the  slab  as  well  as  on  the 
bottom. 

4.4  Static  Loading 

This  section  describes  the  behavior  of  the  specimen 
during  the  static  tests  to  failure  that  were  performed 
after  the  dynamic  loading  was  completed.  These  test 
results  are  compared  with  those  on  an  undamaged  specimen. 
The  general  load-deflection  response  is  shown  in  Figure  4.7 
as  variation  of  total  applied  load  with  maximum  deflection. 
The  specimen  was  tested  at  several  locations,  in  essence 
there  were  several  tests  for  the  specimen.  A separate 
curve  is  provided  for  each  test 


location  in  Figure 


Each  curve  is  labeled  T-i  where  i represents  the  test 
number.  Mote  in  Figure  4.8  that  the  specimen  was  tested 
statically  in  the  same  locations  as  for  the  dynamic  tests, 
and  further  that  these  locations  corresponded  to  the  static 
test  locations  for  the  identical  specimen  2.  Mote  however 
that  the  sequence  in  which  the  locations  were  tested  varied 
somewhat  because  of  the  failures  during  dynamic  testing, 
and  the  tests  are  numbered  differently.  Table  4.2,  shows 
the  maximum  load  attained  during  each  test,  the  load  at 
which  a flexural  yield  pattern  was  well  developed  in  the 
deck  (yield  load) , and  the  maximum  deflection  during  each 
test,  along  with  the  above  results  converted  to  full  scale. 
It  lists  the  above  for  both  the  undamaged  specimen 
(specimen  2)  and  the  damaged  specimen  (specimen  4) . Full 
scale  loads  and  deflections  were  obtained  by  multiplying 
the  test  values  by  the  scale  factor  and  the  square  of  the 
scale  factor  for  deflection  and  load  values,  respectively. 
The  scale  factor  used  was  2.  Appendix  H shows  the 
deflection  basins  corresponding  to  the  maximum  applied 

Most  of  the  tests  were  continued  to  complete  failure. 
However,  two  of  the  tests  as  shown  in  Table  4.2  were 
stopped  prior  to  failure  due  to  limitations  of  the  test 

4., 4.1  interior  tests 

This  section  describes  the  behavior  of  the  specimen 
during  the  interior  tests.  Comparison  of  the  maximum  loads 


Table  4.2  Summary  of  Maximum  Loads  and  Deflections 
{Static  Tests  on  both  undamaged  and  damaged  specimens) 


and  the  loads  at  which  a flexural  yield  pattern  was  well 
developed  in  the  deck  in  Table  4.2  indicate  the  reserve 
strength  of  the  deck  relative  to  the  load  associated  with 
the  flexural  yield  mechanism.  Also  comparison  of  the 
maximum  loads  attained  on  the  damaged  specimen  with  those 
attained  on  the  undamaged  specimen  (Table  4.2)  shows  a 
reduction  in  the  load  capacity  of  no  more  than  10%,  except 
for  one  test  (T-6)  in  which  the  deterioration  of  the  slab 
after  the  dynamic  test  was  severe  and  the  reduction  in  the 
load  capacity  was  more  than  40%. 

The  presence  of  the  parapet  seemed  to  be  relevant. 
Comparison  of  maximum  loads  attained  in  Table  4.2  showed 
higher  capacities  (more  than  10%)  in  test  locations 
adjacent  to  the  parapet  relative  to  the  test  location 
adjacent  to  the  free  overhang. 

Appendix  E,  shows  the  observed  crack  patterns  for  the 
various  tests,  and  they  are  described  below: 

4.4.1.1  First  Test 

This  test  was  located  adjacent  to  the  free  edge,  at 
midspan  of  the  bridge  as  indicated  in  Figure  4.8.  After 
applying  20  kips,  the  crack  width  in  the  bottom  of  the  slab 
was  almost  0.016"  and  also  new  cracks  started  to  appear. 

The  crack  width  increased  to  0.02"  at  30  kips,  the  point  at 
which  the  transverse  steel  in  the  middle  of  the  slab 
yielded.  At  35  kips  the  crack  width  at  the  bottom  of  the 
slab  reached  a value  of  0.031"  and  cracks  following  a 
circular  pattern  appeared  on  the  top  of  the  slab 


crack  width  less  than  0.01".  The  welds  in  the  bracing 
started  to  fail  at  45  kips,  causing  a drop  in  the  load  of 
about  2 kips.  At  this  stage  the  crack  width  in  the  top  of 
the  slab  was  almost  0.016".  The  final  failure  of  the  welds 
in  the  bracing  happened  only  after  the  load  applied  was  66 
kips,  causing  a redistribution  of  the  forces  in  the  beams 
and  a drop  in  the  load  of  about  5 kips. 

The  slab  failed  at  63  kips  after  reloading.  At  this 
stage,  strain  gages  indicated  a strain  of  0.0005  in  the 
concrete  directly  beneath  the  load. 

4. 41, 2 Third  Test 

This  test  was  located  adjacent  to  the  parapet,  at 
midspan  of  the  bridge  as  indicated  in  Figure  4.8.  After 
applying  20  kips  the  crack  width  in  the  bottom  of  the  slab 
was  almost  0.016”  and  new  cracks  started  to  develop  on  the 
bottom  of  the  slab.  New  cracks  on  the  top  of  the  slab 
appear  at  25  kips.  The  crack  width  increased  to  0.02"  at 
30  kips,  the  point  at  which  the  transverse  steel  in  the 
middle  of  the  slab  yielded.  At  35  kips  the  crack  width  at 
the  bottom  of  the  slab  reached  a value  of  0.031"  and  cracks 
following  a circular  pattern  appeared  on  the  top  of  the 
slab  with  a crack  width  less  than  0.01".  At  40  kips  one 
side  of  the  welds  in  the  bracing  failed  and  it  was  observed 
that  the  crack  patterns  were  fully  developed  (circular  on 
the  top  and  a fan  pattern  on  the  bottom) . The  final 
punching  failure  happened  explosively  at  72  kips,  with 
complete  failure  of  the  bracing  welds.  At  this  stage 


directly 


1/6  of  the  bridge  length.  After  applying  16  kips  the  crack 


and  cracking  pattern  indicating  flexure,  much  like  a one- 


4.4 .1.4  Seventh  Test 

This  test  was  located  adjacent  to  the  parapet,  at  1/6 
of  the  bridge  length.  After  applying  16  kips  the  cracks 
extended  to  the  end  of  the  slab  and  included  the  entire 
thickness.  The  crack  width  on  the  bottom  of  the  slab 
reached  a value  of  0.063"  at  35  kips  and  0.125"  at  40  kips. 


50  kips  and  0.125”  at  55  kips. 


4-*-4..  2 Free  Edge  Within-Span 
This  section  discusses 


and  Corner  Tests 


apacity  beyc 


followed  a half  of  an  ellipse  pattern,  and 

load  at  which  the  yield  line  pattern  was  well  developed. 
This  reserve  capacity  was  evidently  aided  by  the  presence 
of  the  longitudinal  steel,  the  additional  transverse  steel 


failed  at  55  kips.  This  increase  in  capacity  was  due  to 
the  location  of  the  tandem  load,  only  two  of  the  four 


exterior  girder.  In  this  manner  the  exterior  girder 
participated  directly  in  carrying  the  load,  removing  some 
load  from  the  slab.  The  corner  test,  was  not  performed 


dynamic  testing. 


For  the  one  free  edge  test  performed,  after  25  kips, 


the  cracks  started  to  follow  a semi-elliptical  pattern. 

The  crack  width  increased  to  0.001"  only  after  the  applied 


ridge  with 


or  at  the  corner.  Considering  the  behavior  of  the  free 
edge,  the  reserve  capacity  of  the  parapet  edge  is  not 
surprising.  A major  aspect  of  these  results  was  the  strong 
interaction  of  the  parapet  with  the  slab.  This  was 
illustrated  by  load-deflection  stiffnesses,  which  were 
highest  for  the  parapet  edge  test  and  by  the  fact  that  the 
parapet  edge  test  involved  the  formation  of  wide  inclined 
cracks  over  the  entire  height  of  the  parapet. 

Additional  description  is  provided  below. 

4.4.3 .1  Parapet  Wlthin-Soan  Test 

After  20  kips,  new  cracks  were  observed  on  the  top  of 
the  slab  along  the  exterior  girder  and  previous 
longitudinal  cracks  on  the  bottom  of  the  interior  span  of 
the  slab  were  enhanced.  Cracks  on  the  parapet  appeared  at 
35  kips.  The  specimen  had  still  not  failed  at  55  kips. 

4 . 4 . 3 . 2 Corner  Test 

At  15  kips  new  cracks  were  developed  on  the  bottom 
part  of  the  slab  at  midspan  of  the  adjacent  interior  span. 
These  cracks  were  oriented  longitudinally  and  extended  to 
the  end  of  the  slab,  indicating  a flexural  response.  At  30 
kips  the  width  of  these  cracks  increased  to  0.001". 

For  loads  above  35  kips,  an  additional  semi-elliptical 
yield  pattern  in  the  interior  span  adjacent  to  the  girder 
developed  around  the  wheel  load  immediately  adjacent  to  the 
end  of  the  span.  At  45  kips  the  crack  width  in  the  semi- 
elliptical pattern  on  the  top  of  the  slab  was  almost 
0.031",  and  the  shear  cracks  extended  through  the 


thickness.  The  slab  failed  at  48  kips  with  an  isolated 
punching  failure  in  this  region. 

A^.5  Comparison  to  Highway  Loads 

The  AASHTO  ultimate  wheel  load  of  S9  kips  (discussed 
in  section  3.5)  is  less  than  one  third  the  maximum  load 
(converted  to  full  scale)  for  any  of  the  tests. 

Evaluating  the  results  using  the  heaviest  commercial 
axle,  which  is  rated  at  23  kips,  and  using  the  factors 
mentioned  in  section  2.4  gives  a 115  kips  total  on  an 
entire  tandem  assembly.  All  of  the  full  scale  maximum 
applied  loads  in  Table  4.2  exceed  these  levels  by  a 
considerable  margin. 

Comparison  of  the  maximum  loads  attained  for  specimens 
subjeot  only  to  static  loading  and  specimens  subjected 
first  to  dynamic  loading  and  then  static  loading  up  to 
failure  in  Table  4.1,  shows  a slight  reduction  in  the 
capacity  (no  more  than  lot) , except  for  one  interior  test 
carried  out  at  1/6  of  the  total  length  of  the  bridge,  which 
had  suffered  considerable  damage  during  dynamic  loading, 
the  bracing  having  failed,  causing  the  specimen  to  respond 
inelastically  during  the  process  of  dynamic  loading.  But, 
despite  this  situation,  the  isotropically  reinforced  slabs 
have  performed  well  after  cyclic  loading  and  the  durability 
as  well  as  the  strength  had  not  been  diminished  severely. 


82 


implied 


ft.  span  in  the  laboratory  rather  than  the  42  ft. 
by  a 1/2  scale  model  (Figure  5.3). 

As  the  prototype  is  braced  at  the  ends  of  the  span,  X 
braces  were  used  to  brace  the  model  in  the  same  manner. 

The  X-braces  were  welded  to  small  steel  plates  which  were 
also  welded  to  the  rebars  inside  of  the  concrete  beams  at 
the  two  ends  as  shown  in  Figure  5.1.  Two  single  angles 
lj"xlix|”  were  used  for  the  X-braces. 

A parapet  was  located  on  one  side  of  the  specimen 
while  the  other  side  had  only  a plain  overhang.  In  order 
to  simplify  the  construction  of  the  parapet  the  standard 
FDOT  parapet  was  modified  slightly,  while  closely 
maintaining  the  flexural  and  torsional  stiffness 
properties,  reduced  to  the  appropriate  scale. 

The  specimen  was  initially  considered  as  having  a span 
to  thickness  ratio  (S/T)  of  24,  taking  the  effective  span 
as  center  to  center  distance  between  beams,  as  in  the  case 
of  steel  beams.  The  prototype  deck  thickness  selected  was 
7 1/2  inches  which  is  a typical  thickness  in  Florida.  The 
table  in  Figure  5.1,  shows  the  S/T,  A/T  and  B/T  ratios 
computed  using  the  average  thickness  of  the  deck.  The 
thicknesses  were  measured  using  a surveyors  level  and  the 
results  are  shown  in  Appendix  G. 

The  specimen  was  constructed  with  University  of 
Florida  personnel,  expect  for  the  finishing  of  the  top  of 
the  concrete  deck.  Durastress  concrete  provided 


professional  concrete  finishers  to  assist  in  the  placement 
and  finishing  of  the  concrete  deck. 

Ltl — Material  Properties  of  Specimens 

For  the  scale  factor  of  two,  a 3/8"  maximum  size  of 
aggregate  was  considered  to  be  appropriate,  which 
corresponded  approximately  to  a 3/4”  size  aggregate  in  the 
prototype.  Thus,  the  coarse  aggregate  used  was  FDOT 
designation  #89.  Because  of  the  volume  of  concrete  in  the 
deck  it  was  decided  to  use  a ready  mix  concrete.  The 
concrete  mix  was  FDOT  type  II  with  a design  strength  of 
3400  psi  at  28  days.  Average  compressive  strength  at  28 
days  was  6020  psi. 

Companion  test  cylinders  and  beams  were  cast  at 
intervals  during  the  casting  period  of  the  deck  specimen, 
and  were  later  tested  to  obtain  the  material  properties. 

The  results  of  the  cylinder  compressive  strength  test, 
splitting  tensile  strength  and  modulus  of  rupture  tests  are 
shown  in  Appendix  F.  Also,  Appendix  F contains  an 
aggregate  gradation  curve  and  typical  concrete  mix 
proportions . 

For  0.3%  isotropic  reinforcement  in  a 7 i " deck  a 
typical  reinforcement  pattern  would  be  #4  6 13  1/3“  and  for 
the  corresponding  scale  factor  of  approximately  2.0  this 
implies  #2  6 6 2/3".  It  was  difficult  to  obtain  deformed 
reinforcement  of  #2  size,  deformed  reinforcement  being 
deemed  desirable  for  bond.  Furthermore  it  was  difficult 


to  obtain  typical  levels  of  yield  strength  and  deformation 
capacities,  as  most  deformed  wire  available  is  usually  cold 
drawn  and  has  higher  strength  and  less  ductility  than 
conventional  reinforcement.  Ivey  Steel  in  Jacksonville 
Florida  cooperated  with  the  University  of  Florida  to 
provide  a steel  wire  with  good  ductility  and  a yield  stress 
close  to  that  for  conventional  reinforcement. 

The  stress-strain  curve  for  the  reinforcing  wire, 
shown  in  Appendix  F,  indicates  the  well  defined  yield 
plateau,  implying  good  ductility.  The  wire  used  in  the 
specimens  was  nominally  a D5  (Aj,-.05in2) . However,  the 
computed  area  based  on  weight  was  only  about  0.0477  in2. 

For  the  0.0477  in2  area  the  resulting  yield  stress  was  72 
ksi,  which  was  deemed  to  be  reasonable. 

The  Figure  5.4  shows  the  primary  reinforcement  (D5 
wires)  for  the  specimen.  As  for  previous  specimens, 
consistent  with  the  Ontario  method,  the  steel  provided  0.3* 
reinforcement  top  and  bottom  in  both  directions.  Extra 
transverse  top  bars  were  used  on  the  side  without  the 
parapet,  effectively  doubling  the  reinforcement  ratio  in 
this  region.  Extra  transverse  reinforcement,  approximately 
quadrupling  the  reinforcing  ratio,  was  used  in  the  ends  of 
the  section  in  both  the  top  and  bottom  layers,  to  provide 
additional  support  at  the  discontinuous  end  of  the  slabs, 
as  shown  in  Figure  5.4.  The  cover  to  the  transverse  top 
and  bottom  bars  was  1 inch. 


reinforcing  bars 


appropriately 


wires  to  secure  the  bars  in  each  direction  into  a mat  which 
was  securely  supported  by  chairs  at  the  desired  position  in 
the  slab  to  provide  the  required  cover. 

Strain  gages  installed  on  the  reinforcing  bars  were 
waterproofed  for  protection  prior  to  placing  the  bars. 

Wires  leading  to  all  instrumentation  in  concrete  were 
marked  to  identify  gage  locations,  and  were  taken  out 
through  holes  in  the  forms  prior  to  placing  the  concrete. 

Figure  5.5  is  a photograph  of  this  specimen  showing 
the  general  layout  of  the  specimen. 

5,3  Loading  and  Instrumentation 

The  deck  was  loaded  in  seven  locations  as  shown  in 
Figure  5.6.  Each  location  constituted  a test,  and  loading 
was  applied  to  failure  at  each  location  similar  to  previous 
specimens.  Loads  were  applied  to  the  deck  trough  heavy 
steel  plates,  shaped  and  sized  to  model  the  imprint  of  one 
dual  wheel  formation  at  approximately  half  scale. 

This  specimen  was  loaded  using  a four-point  loading, 
representing  a complete  tandem  assembly.  Dimensions  of  the 
prototype  tandem  were  taken  as  72  inches  transversely  and 
51  inches  longitudinally. 

For  the  prototype,  the  maximum  tandem  load  that  the 
slab  could  reasonably  need  to  carry  was  considered  to  be 


Lly  available 


maximum  service  load  of  23  kips  and  applying  several 
factors)  as  discussed  in  Section  2.3. 

As  for  previous  specimens.  Figure  2.8,  shows  a view  of 
the  load  assembly  used  to  apply  the  tandem  loads.  Two 
W6x25  sections  were  supported  on  rollers  placed  on  top  of 
the  wheel  pads.  A W8x31  section  spanned  between  the  two 
lower  steel  sections  and  was  loaded  by  the  vertical 
hydraulic  ram.  Additional  plates  were  welded  on  the  beam 
to  assure  against  local  buckling  of  the  test  rig.  The  ram 
bore  against  a longitudinal  beam  that  spanned  between  two 
lateral  frames . 

One  hydraulic  ram  with  100  kips  of  capacity  was  used 
to  apply  the  load.  A load  cell  connected  to  a voltmeter 

cell  was  calibrated  using  the  laboratory's  400  kip  capacity 
Universal  loading  machine. 

All  specimens  were  instrumented  with  differential 
transformers  (LVDTs)  and  electrical  strain  gages.  The 
voltage  readings  of  the  LVDTs  and  strain  gages  were 
obtained  using  a HP  3497A  Data  acquisition  control  unit  and 
were  then  transferred  directly  to  a PC  computer  for  further 
evaluation. 

A total  of  15  LVDTs  arranged  in  a pattern  such  that 
they  could  define  a deflection  basin  were  used  to  measure 
vertical  deflections.  All  LVDTs  were  supported  on 
aluminum  support  beams.  Appendix  A shows  the  locations 


Appendix  B gives  complete 


load-deflection  plots  for  all  tests.  Appendix  H,  gives  the 
deflection  basins  corresponding  to  the  maximum  load 
applied. 

Electrical  resistance  strain  gages  were  used  at 
various  locations  on  the  specimen,  including  the  top  and 
bottom  surfaces  of  the  deck,  on  the  reinforcement,  on  the 
longitudinal  girders  and  on  the  bracing.  Gages  with  two 
inch  gage  lengths  and  high  endurance  leadwires  were  used  on 
the  concrete  surfaces,  0.031  inch  gage  length  general 
purpose  miniature  gages  were  used  on  the  reinforcing  steel 
and  0.23  inch  universal  general  purpose  weldable  gages  were 
used  on  the  steel  angle  braces.  Appendix  C gives  the 
locations  of  the  strain  gages  for  the  various  tests  and 
Appendix  D contains  all  of  the  load-strain  plots. 


CHAPTER  6 

BEHAVIOR  OP  TEST  SPECIMENS  ON  BULB-TEE  GIRDERS 


FIFTH  BRIDGE 


(SdIM) 


Table  6.1  Summary  of  Maximum  Loads  and  Deflections 


sly  1/6  of  the  length 


of  the  bridge,  and  was  stopped  when  complete  failure  of  the 


joint  between  the  adjacent  X-brace  and  the  girder  occurred, 
test  No  3,  which  was  located  on  the  parapet  edge  within  the 


the  entire  length  of  the  specimen. 


tests.  Comparison  of  the  maximum  loads  and  the  loads  at 
which  a flexural  yield  pattern  was  well  developed  in  the 
deck  in  Table  6.1  indicate  the  reserve  strength  of  the  deck 
relative  to  the  load  associated  with  the  flexural  yield 


punching,  but  it  is  reasonable  to  think  that  confinement 
could  be  much  less  significant  at  this  discontinuous  end. 

Observing  the  measured  deflection  basin,  it  is 
apparent  that  little  deflection  occurred  in  the  girder 
flanges.  Apparently  the  increased  thickness  and  strength 


confined  to  the  slab  between  flange  tips. 


The  yield  lines  closely  followed  a circular  pattern  of 
slab,  with  the  exce 


eption  of 


located  at  the  end  of  the  bridge,  and  exhibited  a pattern 
of  semi-circular  cracks  on  the  top.  Details  of  each  test 
are  described  below: 

6,;,i  first  Test 

This  test  was  located  at  midspan  of  the  bridge. 
Relative  to  this  test,  some  comments  about  the  flexural 
response  of  the  girders  is  appropriate.  The  variation  of 
girder  midspan  deflection  with  load  applied  to  the  specimen 
in  test  No  1,  is  shown  in  Figure  6.2.  After  applying  20 
kips  the  concrete  girders  started  to  crack  at  the  bottom. 
This  correlated  well  with  the  change  in  the  slope  of  the 
deflection  curve.  Note  that  after  this  well-defined 
cracking  point  the  stiffness  of  the  girder  remains 
constant  for  the  rest  of  the  test,  maintaining  a fully- 
cracked  section. 

The  slab  itself  began  to  show  some  hairline  cracks  on 
the  bottom  surface  at  20  kips.  These  became  well  defined 
at  30  kips.  The  crack  width  on  the  bottom  of  the  slab 
increased  to  0.01"  at  40  kips  and  these  cracks  extended 
towards  the  ends  of  the  slab.  At  45  kips  strain  gages  on 
the  transverse  reinforcement  (Gage  No  GT-2)  located  in  the 
middle  of  the  slab,  as  shown  in  Figure  6.3,  indicated 
yielding,  (Figure  6.4)  and  cracks  following  a circular 
pattern  appeared  on  the  top  of  the  slab  with  major  cracks 
along  the  edges  of  the  flanges  of  the  concrete  girders. 

The  crack  width  in  this  region  was  0.01"  when  the  load 
applied  was  60  kips.  Vertical  cracks  developed  on  the 


FIFTH  BRIDGE  (TEST  No  1) 


exterior  face  of  the  parapet  when  the  load  level  was  65 
kips,  these  cracks  appeared  on  the  interior  face  of  the 
parapet  when  the  load  level  was  75  kips.  At  this  stage  the 
crack  width  on  the  top  of  the  slab  was  almost  0.031". 

The  slab  failed  in  an  explosive  manner  at  a load  of  95 
kips.  At  this  point  the  longitudinal  steel  in  the  middle 
of  the  slab  along  with  most  of  the  transverse  steel  had  not 
yielded.  This  was  indicated  by  strain  measurements  of 
gages  GL-1  and  GT-l  (Figure  6.3),  as  shown  in  Figure  6.4. 
i,2,j  Fifth  Test 

This  test  was  located  at  1/6  of  the  total  length  of 
the  bridge.  After  applying  20  kips,  cracks  on  the  bottom 
of  the  slab  first  appeared  and  the  crack  width  increased 
to  0.01"  after  40  kips  of  load  was  applied.  At  45  kips 
cracks  started  to  appear  on  the  top  of  the  slab  following  a 
circular  pattern  with  a major  crack  along  the  tip  of  the 
flange  of  the  concrete  girders.  At  50  kips  the  crack  width 

kips,  cracks  on  the  top  of  the  slab,  produced  by  a previous 
adjacent  test  were  significantly  enhanced,  and  had  a width 
of  0.031",  accompanied  by  vertical  faulting  of  the  slab. 
After  applying  65  kips  the  concrete  surrounding  the 
connection  of  the  X-bracing  to  both  adjacent  girders  started 
to  spall,  causing  a drop  in  the  load  of  about  5 kips. 

After  reloading  to  65  kips  a new  drop  of  more  than  2 kips 
was  registered  caused  by  complete  failure  of  the  x-brace  to 
girder  connection.  At  this  stage  the  test  was  stopped. 


6.2.3  Seventh  Test 


This  test  was  located  at  the  end  of  the  bridge.  After 
applying  15  kips  cracks  appeared  on  the  top  and  bottom  part 
of  the  slab.  These  cracks  were  completely  developed  when 
the  load  applied  was  35  kips,  forming  a semi-elliptical 
pattern  on  the  top  of  the  slab  and  encompassing  both 
exterior  load  plates.  The  slab  failed  at  38  kips.  This 


test  was  unusual  in  that  there  was  damage  to  the  flange  of 


indicating  some  loss  of  composite  action.  Shortly 
thereafter  a vertical  crack  occurred  over  the  entire 
thickness  of  the  girder  flange  at  the  point  where  the 


6,3  Free  Edge  With in-Span  and  Comer  Tests 
This  section  describes  the  behavior  of  the  tests  on 


For  the  test  carried  out  on  the  free  edge  within  the 
load  capacity  beyond  the  load  at  which  the  yield  line 

6.3.1  Free  Edge  Withln-Span  Test 

After  applying  15  kips  cracks  appeared  on  the  top  of 
the  slab,  following  a semi-elliptical  pattern.  At  30  kips. 
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ft, 5 comparison  to  Highway  Loads 
The  AASHTO  ultimate  wheel  load  of  59  kips  (dis. 


siting 
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less  than  one  half  for  the  test  on  the  parapet  corner,  less 
than  one  third  for  the  test  on  the  free  edge  and  parapet 
edge  and  less  than  one  fourth  for  all  the  interior  tests, 
except  for  the  one  test  that  was  carried  out  at  the  end  of 
the  slab,  which  behaved  almost  as  a free  edge  test. 

Evaluating  the  results  using  the  heaviest  commercial 
axle  and  using  the  factor  mentioned  in  Section  2.3  gives  a 
115  kips  total  load  on  an  entire  tandem  assembly.  All  of 
the  full  scale  maximum  applied  loads  in  Table  6.1  exceed 
these  levels  by  a considerable  margin,  except  the  test 
carried  out  at  the  free  corner,  indicating  that  care  should 
be  taken  in  designing  any  sizeable  overhangs. 


COMPARISON 


ANALYTICAL  MODELS 


CHAPTER  7 

OF  TEST  RESULTS  WITH 

7.1  Theoretical  punching  Shear  Capacity 
L.l.i  aci  Punching  .Shear  Formula 

Research  studied  by  ACI-ASCE  Committee  426  [20] 
indicated  that  the  critical  section  for  shear  in  slabs 
subjected  to  bending  in  two  directions  follows  the 
perimeter  at  the  edge  of  the  loaded  area. 

rectangular  footprint  is  shown  in  Figure  7.1.  This  model 
was  used  for  the  derivation  of  the  ACI  formula  and  assumed 
failure  surface  which  is  propagated  downward  to  the  average 
effective  depth  of  the  section  under  consideration  (d), 
following  the  same  angle  of  inclination  in  all  the  four 
sides.  From  equilibrium: 

Vc  - (2d/tane) (b1+b2+2d/tane) Jtc • (2+4/0o)  .... (7.1) 

b1(  b2-  short  and  long  sides  of  the  footprint 

load,  (0o=b2/bi,  and  flos2.0) 

/fc1 -Square  root  of  specified  compressive  strength  of 


stimating  the  angle 


Vc  - adfbi+ba+ZdJ/fc'^+Vflo)  (7.2) 

some  judgement  was  necessary  in  defining  bj  and  b2  for 
the  single,  double  and  four-point  load  patterns.  These 
definitions  are  illustrated  in  Figure  7.2.  Note  that  for 
four-point  loading  there  are  two  alternate  definitions. 


governed  by 


vl7 


bounded  on  the  inclined  face  by  the  diagonal  shear  crack 
and  the  compression  zone.  It  is  loaded  through  the 
compressed  conical  shell  that  develops  from  the  loaded  area 
to  the  upper  end  of  the  shear  crack.  This  shell  can  be 
thought  of  as  the  perimeter  of  the  column  base  in  Figure 

manner  that  the  compressive  stresses  are  uniformly 
distributed  between  the  load  area  and  the  root  of  the  shear 

The  element  [Figure.  7.13(b)]  is  acted  on  by  the 
external  load  P/i/2*  (p  is  the  angle  of  sector  element,  in 
radians,  shown  in  Figure  7.14),  and  by  the  following 
forces:  (1)  The  oblique  compression  force,  T0/2*,  in  the 
compressed  conical  shell:  (2)  horizontal  forces  in  the 
circumferential  reinforcement  at  right  angles  to  the  radial 
cracks,  with  resultant  Rxj  (3)  horizontal  forces  in  the 
radial  reinforcement  crossing  the  shear  crack,  with 
resultant  R2 ; ( 4 ) horizontal  tangential  compressive  forces 
in  the  concrete,  with  resultant  R3  and  (5)  Boundary 
restraints  Mp  and  Fp.  Several  important  aspects  of  the 
Kinnunen  and  Nylander  model  are 

1)  It  recognizes  the  existence  of  a three-dimensional  state 
of  compressive  stress  in  the  conical  shell  with  the 
consequent  increase  in  the  strength  and  effective  modulus 
of  elasticity. 

2)  The  tangential  strain  at  the  top  surface  of  the  slab  at 
a distance,  (B/2)+y,  from  the  center  of  the  loaded  area  is 


taken  as  a measure  of  the  supporting  strength  of  the 
conical  shell. 


3)  The  failure  takes  place  when  the  tangential  strain 
mentioned  above,  reaches  such  a high  value  that  the 
strength  of  the  conical  shell  is  impaired.  Thus,  in  the 
Kinnunen  and  Nylander's  model,  failure  takes  place  when 
the  tangential  strain  reaches  a characteristic  value  and 
the  conical  shell  fails  in  compression. 


In  this  case  the  boundary  restraints  Mb  and  Fb  are 
assumed  as  a property  of  the  slab  system,  related  to  how 
the  slab  is  supported  and  bounded. 

The  Punching  load  calculation  involves  two  iterative 
processes,  one  being  inside  of  the  other.  The  theoretical 
load  at  punching,  P,  is  calculated  during  the  inner 
iterative  process,  assuming  a depth  y,  of  the  compression 
zone  in  Figure  7.13  and  a value  for  a parameter  X,  where  X* 
4*(Mb/P).  Note  that  X itself  is  a function  of  the  load,  P. 
Hence  the  calculation  method  is  inevitably  iterative.  The 
calculation  procedure  as  given  by  Hewitt  an  Bachelor  [24] 
includes  the  following  steps  (notation  refers  to  Figures 
7.13  and  7.14): 


1.  Select  a value  for  X. 

2.  Select  a value  for  y/d. 

3 . Calculate : 

(a)  The  stress  fb,  in  the  imaginary  conical  shell. 


ft-825 [0.35+ ( f c ' ) 

375+0.0125 


(Kztan<>-1)  (1  - tana)  - 


, from  the  expression 

Y )in(  C ) (7.6) 

4 . 7B(B+2y) 

(7.7) 


P-Tsina-„(B)  (y)  B+2y  ftf(a)d2 (7.8) 

^ d ^+y 

where  f(a)-tana(l-tana)/(l+tan2c») 

4.  Calculate: 


a)  The  parameter , 4 (Angle  of  rotation  of  the  slab 


beyond  the  shear  orach) 
For  8/ds2,  use 

4-0. 0035(1-0. 22(B))  (1+B) 
3 2y 


(7.9) 


Note  that  knowing  4,  it  is  possible  to  calculate 
the  slab  deflection: 

W0-4(C-B)/2 


(7.10) 


b)  Kinnunen  and  Nylander  have  shown  that  the  tension 
reinforcement  within  a zone  of  radius  rs  has 
yielded  at  punching  failure,  in  which  rs  is 
r8-  EB*(d-y)  (7.11) 

fy 

They  also  stated  that  outside  this  zone  the 
reinforcement  is  still  in  the  elastic  range. 

°)  Co  (radius  of  the  shear  crack)  from 

Co-  (c/2+1. 8d)  (7 . 12) 

d)  The  forces  R^  and  r2 


Rl=pf yd [ ( rs-C0) +rsln (C) 

R2-/.fydCo0  (7.13) 

for  rs<C0  use 

Rl-^fydrsln(C)  (7.14) 

5C"o 

Rj^fydr^  (7.15) 

where  0 is  the  reinforcement  ratio. 

5.  A new  value  of  P is  calculated  using 

P=  2.  [Rx+(  R2  )+Fb(  c )]  (7.16) 


6.  If  the  values  of  p from  steps  3 and  5 differ 
significantly,  select  a new  value  for  y/d  and  repeat  the 
calculations  starting  at  step  3.  If  the  values  of  P from 
steps  3 and  5 are  sufficiently  similar  proceed  to  step  7. 


'.  Calculate 


X-4»(Mb/P)  (7.17) 

8.  If  the  selected  and  calculated  values  of  X differ 
significantly,  select  a new  value  for  X and  restart  the 
calculations  at  step  2.  If  the  selected  and  calculated 
values  of  X are  sufficiently  close  the  theoretical  punching 

A computer  program  has  been  developed  [24]  that 
calculates  P in  the  steps  outlined  above.  The  program  uses 
starting  values  of  1.0  for  X and  0.5  for  y/d,  and  solves 
for  P in  usually  less  than  10  iterations  in  X and  20  in 
y/d.  The  calculated  values  of  P (from  steps  3 and  4)  are 
considered  sufficiently  similar  when  they  differ  by  less 
than  0.1%.  The  selected  and  calculated  values  of  X (from 
step  7)  are  considered  sufficiently  similar  when  they 
differ  by  less  than  1%.  The  calculated  value  of  P is 
corrected  for  the  dowel  effect  assuming  that  this  effect 
remains  unchanged  by  the  boundary  restraint  and  is  taken  as 
20%  of  the  uncorrected  punching  load  for  the  corresponding 
simply  supported  slab.  Consequently  the  following  equation 


slab. 


corrected  punching  load 


...  (7.18) 

restrained 


7.3.3  Methga  Pt  Calculation  for  slabs  with  Unknown 
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estimated  by  entering  Figures  7.17  through  7.22  with  the 
observed  punching  loads. 

When  using  the  figures  of  course,  numerous 
combinations  of  Mb  and  Fb  can  be  found  for  a given  punching 
load.  Not  all  combinations  are  reasonable,  however,  as  Mj;- 
Fb(jd) , where  (jd)  is  a moment  arm  consistent  with  slab 
geometry.  By  estimating  jd,  as  the  ratio  Mb{nax)/Fb(Bax) , 
unique  values  of  Mb  and  Fb  were  identified.  These  boundary 
forces  would  be,  of  course,  be  smaller  than  the  maximum 
boundary  forces  consistent  with  the  specimen  geometry. 

These  maxima  Mb(naX)  and  Fb(lliax),  may  be  found  from 
Equations  7.25  and  7.26.  By  comparing  the  actual  boundary 
restraining  forces  from  Figures  7.17  through  7.22  with  the 
maxima,  the  restraint  factor  n could  be  estimated. 

7.3.4  Limits  of  Application 

Hewitt  and  Bachelor  [24]  state  that  the  procedure  is 
applicable  to  slabs  whose  parameters  lie  within  the 
following  limits:  4<C/d<17,  0.05<W<0.45,  4 <,,<20;  and 
27xl0®psi<£s<33xl0®  psi,  in  which  C-  the  slab  diameter  (or 
equivalent  diameter  for  a non-circular  slab) ; d=the  slab 
effective  depth;  w=pfy/fc'  (reinforcement  index);  Es=the 
modulus  of  elasticity  of  the  reinforcement;  and 

( vf lex/bd/f c 1 ) is  the  flexural  factor  used  by  Hoe,  where 
b is  the  perimeter  of  the  loaded  area. 


Since  the  primary  objective  of  this  analysis  was  to 
evaluate  the  stresses  in  the  bracing  as  well  as  to 
determine  the  effects  of  the  boundary  restraining  forces  in 
this  elements,  it  was  necessary  to  model  properly  the  X- 
braces.  Although  a linear  elastic  analysis  is  insufficient 
for  close  comparison  with  experimental  results,  because  it 
cannot  predict  the  effect  of  cracking  on  the  specimen's 
behavior,  it  was  felt  that  such  an  analysis  could  be 
sufficient  to  analyze  the  effects  in  the  beams  and  bracing, 
as  they  will  be  in  the  elastic  range.  As  is  explained 
shortly,  the  bridge  was  analyzed  using  a computer  program 
called  SIMPAL,  developed  in  the  University  of  California  at 
Berkeley  [25]. 

2...4.1  Modeling  of  the  Deck  slab 

Shell  elements  were  used  to  model  the  bridge  deck. 

The  thickness  was  assumed  to  be  constant  throughout  the 
deck  except  over  the  girders  where  an  altered  slab 
thickness  was  used  to  account  for  the  top  flange  of  the 

Two  cases  were  studied,  one  neglected  the  boundary 
restraining  forces  and  another  included  them. 

a)  Case  I (Neglecting  the  Boundary  Restraining  Forces) 

Figure  7.23,  shows  a typical  cross  section  and  plan 
view  of  the  bridge  deck.  For  this  model,  the  loads  were 
applied  on  the  same  positions  as  in  the  tests,  but  the 


imprint  areas  were  not  considered,  each  dual  tire  formation 
being  treated  as  a concentrated  load. 

b)  Case  IX  (Including  the  Boundary  Restraining  Forces) 

For  this  case,  the  boundary  restraints  obtained  for 
the  observed  failure  loads  from  Figure  7.17  through  7.22  in 
Section  7.3  were  applied  as  loading  to  the  slab  system. 

The  plan  view  of  the  model  is  shown  in  Figure  7.24,  where 
the  large  ten-sided  open  area  represents  the  region  of  the 
punching  failure.  The  estimated  boundary  forces  Fb  and  Mb 
were  applied  to  the  slab  uniformly  distributed  around  the 
perimeter  of  the  opening.  The  vertical  failure  load  was 
similarly  distributed  around  the  perimeter. 

7.4.2  Modeling  of  the  Girders 

Shell  elements  were  used  to  model  the  web  and  the 
bottom  flange  as  shown  in  Figure  7.2S. 

2jJ.‘  3 Modeling  of  the  Braclnos 

Beam  elements  were  used  to  model  the  x-braces  and  they 
were  connected  to  the  two  adjacent  webs  of  the  girders  at 
the  two  ends  as  shown  in  Figure  7.26.  The  cross  section  is 
indicated  in  Figure  7.27.  For  the  case  of  bridge  decks 
supported  by  steel  girders  additional  bracing  was  modeled 
at  midspan  consistent  with  test  specimens,  as  indicated  in 
Figure  7.28.  The  cross  section  is  indicated  in  Figure  7.29. 
7.4.4  Modeling  of  the  Parapet 

The  parapet  was  modeled  using  shell  elements  and 
approximating  the  parapet  shape  as  a series  of  steps,  as 


shown  in  Figure  7.23. 


7-4.5  HO 
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computed  from  the  AC1  model,  AASHTO  model,  and  yield  line 
theory  are  summarized  in  Table  7.1  for  the  interior  tests 


and  Table  7.2  for  the  corner  tests  and 
boundary  restraining  factors,  computed 


punching  loads  in  Section  7.3  using  the  Kinnunen  and 


7.5-?  Maximum  Load  Capacity  and  Restraining  Factors 
7_, 5, 2.1  interior  Tests 

Considering  the  restraining  factors  for  the  tests 


first  specimen  (S/T-18.4)  was  n=25»  while  that  for  the 
second  specimen  (S/T-20.4)  was  n-33*.  This,  of  course,  is 
the  opposite  of  what  one  might  expect.  There  are,  however 

single  and  double  imprint  wheel  loads,  while  the  sec 


ily  by 


Table  7.1  summary  of  Maximum  Loads  at  Interior  Tests 
(Theoretical  and  Experimental) 


specimen  was  loaded  only  by  four  imprint  tandem  assembly 
loads.  For  the  third  specimen  (S/T-22.5)  there  was  a 
reduction  in  the  restraining  factor  relative  to  the  second 
specimen  to  n-30*.  This,  however,  was  still  larger  than 
the  restraining  factor  for  the  first  specimen.  For  tests 
carried  out  at  1/6  of  the  total  span  from  the  end  of  the 
bridge,  the  restraining  factor  increased  from  approximately 
n-15%  in  the  first  specimen  to  rv=28%  in  the  second 
specimen,  probably  reflecting  the  loading  difference,  as 
explained  above.  For  the  third  specimen  with  the  larger 
S/T  ratio  there  was  only  an  insignificant  reduction  in  the 
restraining  factor  to  n=26%,  relative  to  the  second 
specimen.  The  fourth  specimen  indicated  smaller 
restraining  factors  than  the  similar  second  specimen, 
decreasing  from  n=33%  to  approximately  r>=25%  for  tests 
carried  out  at  midspan,  and  from  rv>28%  to  n=16%,  for  tests 
carried  out  at  1/6  of  the  span  length  from  the  end  of  the 
bridge.  These  reductions  were  most  likely  related  to  the 
fact  that  specimen  4 was  tested  in  fatigue  before  being 
loaded  to  failure.  This  prior  damage  undoubtedly  reduced 
the  capacity  for  restraint.  The  fifth  specimen  (S/T-17.6), 
the  specimen  with  bulb-tee  girders,  indicated  a restraining 
factor  of  approximately  n-40%  for  tests  carried  out  at 
midspan,  and  a value  of  n-35%  for  tests  carried  out  at  1/6 
of  the  total  span  from  the  end  of  the  bridge,  the  largest 
restraining  factors  computed  for  the  entire  study. 


concentrated  load  or  reaction  area,  this  model  could  not  be 
used  for  exterior  edge  and  corner  tests.  Hence, 
interpretation  of  test  results  was  limited  to  yield-line 
theory,  and  the  ACX  and  AASHTO  formulas.  As  shown  in  Table 
7.2,  the  yield-line  theory  gave  good  predictions  of  the 
observed  failure  load  for  the  single  imprint  tests  at  the 
free  edge  and  free  comer  and  underpredicted  the  failure 
load  for  the  single  imprint  test  at  the  parapet  corner. 

For  the  quadruple  point  loadings,  it  consistently 
underpredicted  the  observed  failure  loads,  for  all  the 
cases  where  the  slab  failed  during  the  test.  The  exception 
was  the  fifth  specimen,  for  free  edge,  parapet  edge  and 
parapet  comer  tests,  where  the  yield  line  theory  gave 
close  predictions  of  observed  strength.  Hence,  the  yield 
line  theory  seemed  to  be  better  at  predicting  failure  loads 
for  exterior  portions  than  for  interior  portions.  The  AC1 
formula  underestimated  the  observed  failure  load  in  the 
case  of  all  the  single  imprint  tests  and  overestimated  the 
failure  load  in  the  case  of  all  the  quadruple  imprint 
loads.  This  was  largely  similar  to  the  results  for 
interior  tests.  The  AASHTO  formula  always  predicted  a 
lower  strength  than  the  ACI  formula,  and  underpredicted  the 
observed  failure  loads  for  the  test  carried  out  on  the  free 
edge  and  free  corner  and  except  for  single  imprint  loading, 
gave  good  predictions  of  the  failure  load  for  cases  in 
which  the  parapet  comer  failed.  For  the  single  imprint 
loading,  it  grossly  underpredicted  the  observed  failure 
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Table  7.7  Summary  of  Maximum  Strains  on  the  Bracing 
(Experimental) 


finite  element 


procedure  are  shown  in  Appendix  K.  Tables  in  Appendix  K, 
show  that  for  any  particular  pair  of  bracing,  one  had 
higher  bending  strains,  while  the  other  had  higher  axial 


CHAPTER  8 

SUMMARY,  CONCLUSIONS  AND  RECOMMENDATIONS 
8.1  Summary 

series  of  laboratory  tests  on  approximately  one-half 
odels  of  concrete  bridge  decks  were  performed  using 
otropic  reinforcement  following  the  Ontario 
al  design  approach.  Four  specimens  with  slabs  cast 
1 girders  were  constructed,  and  three  of  them  were 
statically,  while  the  fourth  specimen  was  subjected 
rge  number  of  cyclic  loads  and  then  subjected  to 
loading  to  failure.  Additionally  one  specimen  was 
standard  size  bulb-tee  girders,  as  recently  adopted 
-ida  and  was  tested  statically.  The  purpose  of  these 
'as  to  understand  better  the  behavior  of  lightly 
reed  isotropic  bridge  decks  on  steel  and  bulb-tee 
, under  static  and  fatigue  loading  conditions,  with 
thickness  ratios  beyond  the  Ontario  Code 
ons  and  following  American  standard  practice  with 
to  bridge  deck  construction. 

8.2  Conclusions  and  Recommendations 
oading  on  slab  interiors,  away  from  parapets  and 
edges,  isotropically  reinforced  slabs,  detailed  in 
way  Bridge  Design 


Highti 


provisions  do  appear  to  have  considerable  reserve 
strength  beyond  yielding,  even  for  larger  transverse 
spans  with  span  to  thicknesses  ratios  as  high  as  22. 

Note  that  this  is  considerably  in  excess  of  the  maximum 
of  15  in  the  Ontario  Code. 

2)  Considerable  reserve  strength  beyond  yielding  was  also 
observed  for  portions  of  the  slab  adjacent  to  free  edges 
and  on  the  parapet  edges.  For  tests  adjacent  to 
parapets,  strong  interaction  between  parapet  and  slab 
was  observed. 

3)  Excessive  overhang  reduced  the  parapet  slab  interaction. 
Specimen  1,  with  the  lowest  ratio  of  overhang  to  slab 
thickness,  indicated  greater  deflection  for  the  girder 
adjacent  to  the  parapet,  indicating  that  the  parapet 
drew  some  load  from  the  adjacent  slab.  For  specimens 
with  larger  overhangs,  such  as  specimens  2,  3,  4 and  5, 
the  deflection  of  the  two  adjacent  beams  were 
approximately  equal,  indicating  that  this  transfer  of 
load  to  the  parapet  was  no  longer  as  significant. 

4)  Excessive  overhang  increased  the  possibility  of  the 
development  of  a negative  moment  yield  line  over  the 
full  length  of  the  specimen  as  observed  in  the  third  and 
fifth  specimens,  which  had  the  highest  ratios  of 
overhang  to  slab  thicknesses. 

5)  The  presence  of  the  parapet  seemed  to  significantly 
affect  slab  strength  for  lower  overhang  to  thicknesses 
ratios.  For  specimen  1,  with  the  lowest  overhang  to 


thickness  ratio,  the  punching  load  for  the  interior  span 
adjacent  to  the  parapet  was  approximately  40%  higher 
than  for  the  interior  span  adjacent  to  the  free  edge. 

For  the  other  specimens,  with  their  larger  overhang  to 
thickness  ratios,  the  parapet  did  not  have  such  an 
effect  upon  the  boundary  conditions  of  the  interior 
spans,  as  the  punching  loads  for  the  interior  span 
adjacent  to  the  parapet  was  approximately  equal  to  that 
for  the  interior  span  adjacent  to  the  free  edge. 

The  observed  strains  in  the  bracing,  close  to  the 
neutral  axis,  were  always  in  the  elastic  range.  This 
somewhat  conflicted  with  the  observation  that  the  welds 
between  bracing  and  girder  fractured  during  testing  for 
several  specimens.  Calculations  did  not  indicate  that 
the  strains  at  the  maximum  distance  from  the  neutral 
axis  would  include  sufficient  bending  strain  to  fail  the 
welds.  Because  of  the  local  geometry  in  the  region  of 
the  welds,  it  was  difficult  to  obtain  a flawless  weld 
and  this  may  have  accounted  for  the  fractures. 
Observation  of  the  deflection  response  of  the  slab  in 
cases  where  the  welds  in  the  bracing  failed  indicated  a 
considerable  increase  in  the  deflection  of  the  slab 
after  the  bracing  failed  without  increasing  the  load. 

For  load  on  the  interior  span  adjacent  to  the  free  edge, 
the  two  adjacent  girders  indicated  approximately  equal 
load  distribution  until  the  welds  in  the  bracing  for  the 
loaded  span  failed.  After  the  welds  in  the  bracing  had 


girde 


11)  For  the  specimen  on  bulb-tee  girders,  the  failure 
patterns  for  the  parapet  edge  and  free  edge  were 
confined  to  the  portion  of  the  slab  between  the  exterior 
flange  tip  and  the  parapet  or  free  edge,  while  for  the 
case  of  the  corner  tests  the  failure  pattern  included 
the  girder  flange. 

12)  One  test  carried  out  at  the  end  of  the  specimen  on  bulb- 
tee  girders,  did  not  indicate  a large  increase  in  load 
beyond  that  associated  with  yield,  but  this  load  was 
still  higher  than  the  AASHTO  ultimate  load  and  the 
heaviest  vehicle  load  including  the  corresponding  safety 
factors.  This  failure  was  by  punching,  but  it  is 
reasonable  to  think  that  confinement  could  be  much  less 
significant  at  this  discontinuous  end. 

13)  Comparison  of  the  maximum  loads  attained  on  the  damaged 
specimen  (after  the  dynamic  loading  was  applied)  with 
those  attained  on  the  undamaged  specimen  indicated  a 
reduction  in  the  load  capacity  of  no  more  than  10%, 
except  for  one  test  carried  out  at  1/6  of  the  total 
length  of  the  bridge,  which  had  suffered  considerable 
damage  during  dynamic  loading,  the  bracing  having 
failed,  causing  the  specimen  to  respond  inelastically 
during  the  process  of  dynamic  loading.  In  general  the 
isotropically  reinforced  slabs  performed  well  after 
cyclic  loading,  with  their  strength  not  being  severely 
diminished. 


The  boundary  restraining  forces  and  boundary  restraining 
moments,  as  well  as  the  restraining  factors,  were 
strongly  influenced  by  the  transverse  span  to 
thicknesses  ratios.  For  the  same  imprint  loadings,  this 
values  decreased  for  larger  span  to  thicknesses  ratios. 
The  ACI  formula  underestimated  the  punching  loads  for 
single  imprint  loading  while  consistently  overestimated 
the  punching  loads  for  quadruple  imprint  loads. 

The  AASHTO  formula  always  underestimated  the  punching 
loads,  except  for  one  case,  where  it  slightly 
overpredicted  a failure  load,  but  it  should  be  noted 
that  this  one  case  was  a test  at  a location  that  had 
suffered  considerable  damage  in  previous  fatigue 
testing. 

free  edges,  the  yield  line  theory,  underpredicted  slab 
strength,  to  various  degrees,  in  all  cases. 

For  free  edge,  free  corner,  parapet  edge  and  parapet 
corner,  the  yield  line  theory  gave  either  a reasonable 
strength  prediction  or  an  underprediction  when  the  load 
was  of  the  single  imprint  type.  For  quadruple  imprint 
loading,  for  all  test  locations,  the  yield  line  theory 
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MATERIAL  PROPERTIES 
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COMPRESSION  TEST  (Parapet) 
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Cast  of  the  slab..  2/23/88 
COMPRESSION  TEST  (Slab) 
Days  strength 
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DEFLECTION  BASIN 

FIRST  BRIDGE  (TEST  No  8) 


CS3H3NI ) N0I133"ld30  IdDIiiBA 


DEFLECTION  BASIN 

FIRST  BRIDGE  (TEST  No  9} 
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CS3H3NI)  NO  1 1331330  1U3UH3A 


DEFLECTION  BASIN 

SECOND  BRIDGE  (TEST  No  I) 
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CS3H3NI)  N0I133T33Q  3U3IJ.U3A 


DEFLECTION  BASIN 

SECOND  BRIDGE  (TEST  No  2 J 


CS3H0NI)  NO I 1031330  1031133 A 


DEFLECTION  BASIN 

SECOND  BRIDGE  (TEST  No  3D 


CS3H3NI ) NO I 1331330  3301133 A 


DEFLECTION  BASIN 

SECOND  BRIDGE  (TEST  No  43 


CS3H3NI)  NO 11331330  1331133 A 


DEFLECTION  BASIN 

SECOND  BRIDGE  (TEST  No  53 


CS3H0NI)  NOIIOatfiO  1U3Iia3A 


DEFLECTION  BASIN 

SECOND  BRIDGE  (TEST  Mo  63 


CS3H3NI ) N0IlD3"ld30  1b3UU3A 


DEFLECTION  BASIN 

SECOND  BRIDGE  (TEST  No  73 


CS3H3NI)  NOIiaandBQ  HCIJUSA 


DEFLECTION  BASIN 

SECOND  BRIDGE  (TEST  No  8) 


CS3H3NI 3 NO I 1331330  1031133 A 


DEFLECTION  BASIN 

THIRD  BRIDGE  (TEST  No  ID 


CS3H3NI 1 NO  11331330  IfcQIicHA 


DEFLECTION  BASIN 

THIRD  BRIDGE  (TEST  No  23 


cs3i-oni  3 Noiirataa  itmiiaA 


DEFLECTION  BASIN 

THIRD  BRIDGE  (TEST  No  33 
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CS3H3NI 3 NOIiaataa  1BDIXH3A 


DEFLECTION  BASIN 

THIRD  BRIDGE  (TEST  No  4) 


C S3H3NI 3 NQI133Td3Q  IHOIiaaA 


DEFLECTION  BASIN 

THIRD  BRIDGE  (TEST  No  5D 
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CS3H3NI  j Nouaaidaa  itautaA 


DEFLECTION  BASIN 

THIRD  BRIDGE  (TEST  No  63 
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(S3H3NI)  N0I1D31J30  IfcQIiaaA 


DEFLECTION  BASIN 

THIRD  BRIDGE  (TEST  No  73 


DEFLECTION  BASIN 

THIRD  BRIDGE  (TEST  No  8) 


CS3H0NI 3 NO  11331330  -|03Iia3A 


DEFLECTION  BASIN 

FOURTH  BRIDGE  (TEST  No  15 


5X9 


DEFLECTION  BASIN 

FOURTH  BRIDGE  (TEST  No  2) 


CS3H3NI ) N0I133Td3a  ItOIiaaA 


DEFLECTION  BASIN 

FOURTH  BRIDGE  (TEST  No  3D 


DEFLECTION  BASIN 

FOURTH  BRIDGE  (TEST  No  43 


CS3H3NI ) NO 11331330  lU0Iia3A 


DEFLECTION  BASIN 

FOURTH  BRIDGE  CTEST  No  5) 
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CS3H3NI)  NO I 1333330  3d3IlH3A 


DEFLECTION  BASIN 

FOURTH  BRIDGE  (TEST  No  01 


CS3H3NI ) NO  1 1331330  1031133 A 


LVOT  POSITION  CINCHES) 


FOURTH  BRIDGE  (TEST  No  7) 
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DEFLECTION  BASIN 

FIFTH  BRIDGE  (TEST  No  I) 


S26 


DEFLECTION  BASIN 

FIFTH  BRIDGE  (TEST  No  2) 


(S3HDNI)  N0Ii031d3Q  IfcOIldBA  ' 


DEFLECTION  BASIN 

FIFTH  BRIDGE  CTEST  No  3) 


CS3H0NI ) N0I103Td3a  IfcOUiSA 


DEFLECTION  BASIN 

FIFTH  BRIDGE  (TEST  No  4) 


DEFLECTION  BASIN 

FIFTH  BRIDGE  (TEST  No  5) 
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DEFLECTION  BASIN 

FIFTH  BRIDGE  (TEST  No  61 
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DEFLECTION  BASIN 

FIFTH  BRIDGE  (TEST  No  7) 
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cs3H3ni  ) Nouaaidaa  nuauaaA 


APPENDIX  I 


DYNAMIC  TESTING 


MAXIMUM  DISPLACEMENT— NUMBER  OF  CYCLES 


I 


(S3HONI)  lN3H30\ndSICI 


MAXIMUM  DISPLACEMENT  — NUMBER  OF  CYCLES 
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(S3H0NI)  !N3W30W3dSIO  HHItNIXVH 


MAXIMUM  DISPLACEMENT— NUMBER  OF  CYCLES 
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(S3honi)  iNsnaoxndsia  wnwixvn 


MAXIMUM  DISPLACEMENT— NUMBER  OF  CYCLES 


(S3HONI)  lN3H30V"ldSia  WflWIXVW 


MAXIMUM  DISPLACEMENT— NUMBER  OF  CYCLES 
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(S3H0NI)  !N3W3DVndSIQ  wnnixvw 


MAXIMUM  DISPLACEMENT-NUMBER  OF  CYCLES 
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(S3H0NI)  lN3W30V3dSI0  HnWIXVW 


MAXIMUM  DISPLACEMENT— NUMBER  OF  CYCLES 


540 


(S3HONI)  iN3IN30VldSI0  HnWIXVW 


MAXIMUM  DISPLACEMENT  - NUMBER  OF  CYCLES 


(S3HONI)  !N3W30VldSIQ  WflWIXVW 


MAXIMUM  DISPLACEMENT-NUMBER  OF  CYCLES 
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!N3W30V1dSI0  WflWIXVH 


(S3H3NI) 


MAXIMUM  DISPLACEMENT-NUMBER  OF  CYCLES 


(S3H0NI)  lN3tN30\ndSIQ  WfmiXVW 


MAXIMUM  DISPLACEMENT-NUMBER  OF  CYCLES 
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MAXIMUM  DISPLACEMENT-NUMBER  OF  CYCLES 


545 


(S3H0NI)  !N3IN30VCdSia  HfllNIXVH 


MAXIMUM  DISPLACEMENT-NUMBER  OF  CYCLES 


(S3H3NI)  XN3W3DV1dSia 


MAXIMUM  DISPLACEMENT-NUMBER  OF  CYCLES 


(S3HONI)  XN3A30VldSia  nrmixvw 


MAXIMUM  DISPLACEMENT-NUMBER  OF  CYCLES 


CS3H0NI)  !N3W3DWndSia 


MAXIMUM  DISPLACEMENT-NUMBER  OF  CYCLES 


(S3H0NI)  iN3W3DVldSia  nniNixvn 


(S3HDNI/S3HONIOaOIW)  NlVaiS  WnHIXVW 


(S3HONl/S3HONIOaOII"l)  Nivais  WflHIXVn 


MAXIMUM  STRAIN-NUMBER  OF  CYCLES 
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(S3HONI/S3HONIOMDIW)  NIVM1S  WnWIXVW 


MAXIMUM  STRAIN-NUMBER  OF  CYCLES 
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(S3HONI/S3HONIOHOIW)  NIVMiS  WflHIXWI 


MAXIMUM  STRAIN-NUMBER  OF  CYCLES 
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(S3H0NI/S3H0NIO8OIW)  NIW11S  WnHIXVW 


MAXIMUM  STRAIN-NUMBER  OF  CYCLES 
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(S3H3NI/S3HONIOU31W)  NIVH1S  WrmiXVW 


(spuosnom) 

<S3HONi/s3H3Nioaom)  Nivais  wnnixvw 


APPENDIX  J 


FORMULAS  AND  EXAMPLES  FOR  YIELD-LINE  THEORY 


THEORY 


1,  FORMULAS 
a)  Interior  Tests 


Wini=Myylxex+MXxly6y  (Rectangular  shape) 
Win2-2«(Myy+Mxx)S  (Circular  shape) 

Wext-Wini+Hin2 

Myy=M(+) 

Mxx-M(-) 

b)  Free  Edge  (Single  Imprint  Test) 


winj= i Myy lxex+ 1 MxxlySy  (Rectangular  shape) 
Winj”* (Byy+Mux) s (Circular  shape) 
wext-winj+winj 


) Free  Corner  fslnc 


Win^iHyyljjflyflMjotlyfly  ( Rectangular  shape) 
Win2“itr(Myy+Mxx)4  (Circular  shape) 

Wext-Win1+Win2 


Edge  (Tandem  Load) 


560 


nt-  HMxx+Myy)# 
[1-2/3 (a/R)) 


ely®y 


Hint-  (Mxx+Myy)*  +2MXx/i 
[1-2/3 (a/R)] 

Kext-Wint 

i-M(+)/M(-) 

taiw=/i 

a=Radius  of  the  distributed  load 


• (Tandem  Load) 


Wint"  i (Mxx+Hyy ) & +Mxxly6y 

[1-2/3 (a/R)] 


t-  (MjOf+Myy). 

[1-2/3  (a/R)] 


Wext-PJ 

WinX=  i (Mjjx+Myy)  If 

[ 1-2/3 (a/R)] 

Win2“  2 (MXX+Myy) « 

[1-2/3  (a/R)] 


Myy=29.6k-in/ft 

Mxx=24.9k-in/£t 

a)  Interior  Test  (Single  Imprint  Load) 

P-(2?,S+|4.?> (23) <3<125>  (D+2a  (29.6+24.9) 


From  Figure  7.7 

P=tl2.9.6+42.3)  H1.5H  1 W2)  + t,  (29.6+24.9) 

12  12  13.5  2 12 


L2 [1-2/3 (11.5/13.50) ] 


L2[ 1-2/3(11. 5/ 13. 5 


2.2  Second  Bridge 


Myy-21.2)c-in/ft 
Mxx-21. 2k-in/ft 


P-(21. 2+21.2)  (58^6)  f^l^_)  (2)+2.  (21.2+21.2) 


b)  Free  Edge 

From  Figure  7.8: 


0 . 6B9P=  (21.2(2.7) (3.145) 

po_  12(1-2/3(11.5/30.34)) 
P=39.75K.’ 


From  Figure  7.11: 

0.719PO- (21.2+21.2)  (,) 

Po-2  6 UI1‘2/3<U,VJ0l!°)) 
P=49 . 30K. ’ 


Myy-lSk-in/ft 

g-aS.On6.0)(59.p)i i 1. ( 2 ) +2jl  (16.0+16.0) 

12  12  15.06  2 12 

P-27.  OK. 

) Free  Edge 

_ m. P)(1.3) 


12(1-2/3(11.5/36.08) ] 


P— 32.07K. 
From  Figure 


d)  Parapet  Edge 


0 . 778PO—  I116.IH1(.0)  Irtl.aOBl 

PO-X2  OK  12 [ 1-2/3 ( 11 • 5/13 
P-24.  OK. 


2.4  Fourth  Bridge 

Myy-21. 2k- in/ft 

Mxx-21.2k-in/ft 
a)  Interior  Test 
From  Figure  7.5: 

P-(21. 2+21.2)  (58.6)  f15lQ63  (2>+2»  (21-2+21-2) 


L2 [ 1—2/3 (11.5/30.34) ] 


From  Figure  7.8: 


>21.2(2.7X3.145) 

L2 ( 1-2/3 (11.5/30.34) 


L2 [1—2/3 (11.5/20.50)] 


0.719PO-  K21.2+21.2HH-2.396) 

12[l-2/3 (11.5/20.5)] 


2.5  Fifth  Bridge 
Hyy.21.25k 


HKx.21.25k 


n/ft 

n/ft 


From  Figure  7.6: 


2)+2a  (21.25+21. 


From  Figure  7.9: 

0.726PQ.  ,21,25(2,7)  (1,83?) +2(21.25)  (1.31 

12 [l“2/3 (11.5/34.44) ] 12 


0.726PQ.  >21.25(2.7) (2.6862)  +(38.295) (21.25) 

PO-11  5J2[1*2/3(11-5/34-44))  (33.0) (12) 

P=23K. 

d)  Parapet  Edge 

(?1.2S+Z1.25)(,) 

12(1-2/3(11.5/25.50)] 

P=41. OK. 


From  Figure  7.12: 

0.719PO- \ (21,2+21.2) (.+2.396) 

PO-17  10K  12[1'2/3(11-5''20-5” 


APPENDIX  K 


STRAINS 


BRACING 


(a)  Strains  in  Bracing  (First  Bridge) 


(b)  Strains  in  Bracing  (First  Bridge) 


) Strains  in  Bracing  (Second  Bridge) 


Table  K. 2 (b)  Strains  in  Bracing  (Second  Bridge) 


Strains  in  Bracing  (Third  Bridge) 


Strains  in  Bracing  (Third  Bridge) 


(a)  Strains  in  Bracing  (Fourth  Bridge) 


(b)  Strains  in  Bracing  (Fourth  Bridge) 


Strains  in  Bracing  (Fifth  Bridge) 


Plate^and  Shell^^^nd^Edltion^McGraw-Hill^BQok^  °f 

T£X8?S!  SST 


5ssys-^srs£rsrssr 


Msaaggsag 


Institute,  1979,  82  pp. 


24.  Hewitt,  8.E.,  and  Batchelor,  B. , "Punching  Shear 

Strength  of  Restrained  Slabs,"  Proceedings . ASCE,  ST9 , 
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